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ABSTRACT 

The design of bench-scale tests of granular activated carbon (GAC) adsorption and membrane 
separation processes was investigated for removal of natural organic matter (NOM), the 
precursors to disinfection byproducts. These tests will be required of several cities in North 
Carolina under the Information Collection Rule promulgated by the U.S. EPA under the Safe 
Drinlung Water Act. The results are also useful for other utilities in North Carolina that will 
eventually be required to control NOM. The rapid, small-scale column test (RSSCT) and three 
different bench-scale membrane tests were used in evaluating water treatment for Durham, 
Fayetteville and Raleigh. GAC service times before 1 mg/L total organic carbon (TOC) was 
reached ranged from 48 to 91 days if the empty-bed-contact time (EBCT) was 10 min and 107 to 
246 days if the EBCT was 20 min. The logistic function provided a practical way to generalize 
breakthrough behavior among the utilities and to interpret seasonal trends. The Batch Recycle 
Membrane Test (BaReMT) produced similar patterns of flux decline and NOM rejection to the 
EPA-recommended Rapid, Bench-scale Membrane Test (RBSMT). Over 80% removal of NOM 
was produced for all three water supplies. The Batch Internal Recycle Membrane Test 
(BaIReMT) was more convenient than either the RBSMT or the BaReMT. Particles and bacteria 
probably contributed to fouling in addition to NOM; atomic force microscopy and scannning 
electron microscopy images helped identify them. Flux decline was 20% in about 4 days of 
operation. No strong differences were noted in membrane performance among the three test 
waters. The cleaning procedure gave nearly complete flux recovery although foulants remained 
and this is of concern for long term operation. The extent of flux decline would detract from 
practical application. More work is needed to isolate the sources of fouling in order to improve 
pretreatment. 

KEY WORDS: activated carbon adsorption, membrane separation, natural organic matter 
removal, EPA ICR, bench-scale testing 





TABLE OF CONTENTS 

Acknowledgment 

Abstract 

List of Figures 

List of Tables 

List of Appendices 

Summary and Conclusions 

Recommendations 

Introduction 

Background 
Rapid Small-Scale Column Test (RSSCT) for GAC Evaluation 
Bench-Scale Nanofiltration Membrane Tests 

Materials and Methods 
Source Waters 
Set-Up of RSSCT 
Adsorption Equilibrium Tests 
Bench-Scale Membranes Tests 
Analytical Methods 

Results of RSSCT 
Overview 
Microbial Activity on GAC 
Correlation of TOC with UV,,, Absorbance 
Importance of GAC Selection on RSSCT Results 
Comparison of UV,,, and TOC Breakthrough Behavior 
Stimulation of Full-scale Breakthrough Curves from RSSCT 
Seasonal and Spatial Variability in NOM Equilibrium Adsorption 
Seasonal and Spatial Variability in Breakthrough Behavior 
Generalization of Breakthrough Curves with Logistic Function 
Estimation of 50% Breakthrough 

Page 

... 
111 

v 

i x 

... 
X l l l  

xv 

xvii 

XXI 

vii 



Page 

Results of Bench-Scale Nanofiltration Membrane Testing 
Sample Volume Requirements of Bench-Scale Testing 
Overview of Bench Scale Testing Program 
Test Series 1A: Comparison of RBSMT and BaReMT At 80% Recovery 
Test Series 1B: Detailed Comparison of RBSMT and BaReMT 
Test Series 2: Comparison of Membrane Treatment of Water From 

Durham, Fayetteville and Raleigh 
Characterization of NOM and Particles in Test Waters 
Calculation of the Feed Concentration to the Membrane (Cmf) 
Membrane Performance 
Foulant Recovery and Recovery of Flux 
Characterization of Surface Morphology 
Predictive Models of Flux Decline 

References 

Glossary 

Appendices 
Appendix I. Procedures for Packing GAC Into the Column 
Appendix II. Flow Diagram for the RBSMT and Mass Balance Equations 
Appendix III. Flow Diagram for BaIReMT and MASS Balance Equations 
Appendix IV. Determination of AODC 

. . . 
V l l l  



LIST OF FIGURES 

1. Schematic of the RSSCT 

2. Schematic of membrane cell 

3. Schematic of the RBSMT 

4. Schematic of the BaReMT 

5. Reverse osmosis (RO) element to concentrate the TOC 

6. Schematic of the BaIReMT 

7. Plate counts in the feed to RSSCTs for Fayetteville (9124196) with and 
without UV irradiation (Calgon TOG carbon and EBCTFs = 10 min) 

8. Plate counts in effluent of RSSCTs for Fayetteville (9124196) with and 
without UV irradiation (Calgon TOG carbon and EBCTFs = 10 min) 

9. TOC breakthrough curves from RSSCTs for Fayetteville (9/24/96) with 
and without W irradiation (Calgon TOG carbon and EBCTFs = 10 min) 

10. UV254-TOC correlation for RSSCT effluent data from Durham (812 1/96) 
sample (Calgon TOG carbon and EBCTFs = 10 min) 

11. UV254-TOC correlation for RSSCT effluent data from Fayetteville 
(9/24/96) sample (Calgon TOG carbon and EBCTFs = 10 min) 

12. UV254-TOC correlation for RSSCT effluent data from Durham 
(10118196) and Raleigh (1215196 and 313 1/97) samples (Calgon 
F400 carbon and EBCTFs = 10 min) 

13. Comparison of breakthrough curves from RSSCT for Durham 
(10118196) sample with Calgon TOG and the Calgon F400 carbons 
(EBCTFs = 10 min) 

14. Comparison of adsorption isotherms for Raleigh (12/05196) sample 
using pulverized Calgon TOG and Calgon F400 carbons 

15. TOC and W254in the feed and corresponding breakthrough curves 
for the Raleigh (12/05196) sample with an EBCTFs =10 min 

Page 

11 

15 

16 

19 

20 

22 

29 



16. TOC and UVzs4in the feed and corresponding breakthrough curves 
for the Raleigh (12105196) sample with an EBCT =20 rnin 

17. Comparison of predicted, full-scale TOC breakthrough curves at 
EBCTs of 10 and 20 min for the Raleigh (12105196) sample 

18. Comparison of predicted, full-scale TOC breakthrough curves at 
EBCTs of 10 and 20 min for the Fayetteville (1109197) sample 

19. Comparison of predicted, full-scale TOC breakthrough curves at 
EBCTs of 10 and 20 min for the Raleigh (3131197) sample 

20. TOC breakthrough curves normalized to BVF for Raleigh (12105197) 
sample) 

21. TOC breakthrough curves normalized to BVF for Fayetteville 
(0 1/09/97) sample) 

22. TOC breakthrough curves normalized to BVF for Raleigh (3131197) 
sample 

23. Comparison of DOC adsorption isotherms among three water utilities 
for same season 

24. DOC adsorption isotherm for Fayetteville (01109197) sample 

25. Seasonal variation in DOC adsorption isotherm for Raleigh 

26. Seasonal variations in predicted TOC breakthrough behavior for Raleigh 

27. Seasonal variations in predicted TOC breakthrough behavior for Durham 

28. Comparison of predicted TOC breakthrough behavior among all 
utilities and all seasons at EBCT of 10 min 

29. Comparison of predicted TOC breakthrough behavior between two utilities 
and for two seasons at EBCT=20 min 

30. Logistic function fit to Raleigh (12105196) RSSCT data for full-scale 
predictions 

3 1. Logistic function fit to Fayetteville (1109197) RSSCT data for 
full-scale predictions 

Page 

43 



32. Comparison of logistic function results for EBCT=10 rnin 

33. Comparison of logistic function results for EBCT of 20 min 

34. Comparison of flux decline for RBSMT and BaReMT for 
Fayetteville (1109197) sample and 80% recovery simulation 

35. Mass transfer coefficient of water and recovery after cleaning (2x) 
in RBSMT: Fayetteville (1/09197), 80% recovery simulation 

36. Typical pattern of flux decline during setting of membrane with 
ultrapure water feed 

Comparison of permeate flux declines for the RBSMT and the 
B aReMT 

Comparison of TOC rejections for the RBSMT and the BaReMT 
with Durham (2120197) sample 

Correlation between percent rejection of TOC and UV-254 with 
Durham (2120197) sample 

Apparent molecular weight distribution for the three test waters 
in Test Series No. 2 

Particle size distribution of the stored test water (after cartridge 
filtration, before membrane test) 

Comparison of permeate flux declines in the BaIReMT for all three 
water utilities 

Comparison of TOC rejections in the BaIReT for all three water 
utilities 

Correlation between percent rejection of TOC and UV-254 in the 
BalReMT for all three water utilities 

Comparison of the particle number concentration during the BaIReMT 
for all three water utilities 

Example of recovery of particles during membrane cleaning with 
Raleigh test water 

Page 

65 

66 

73 



47. AFM of clean Hydranautics NTR-7450 membrane 

48. AFM of fouled and cleaned membrane: Raleigh test water 

49. AFM of fouled and cleaned membrane: Durham test water 

50. AFM of fouled and cleaned membrane: Fayetteville test water 

5 1. SEM images of fouled and cleaned membrane: Raleigh test water 

52. SEM images of fouled and cleaned membrane: Durham test water 

53. SEM images of fouled and cleaned membrane: Fayetteville test water 

Page 

103 

104 

105 

106 

108 

109 

110 

xii 



LIST OF TABLES 

RSSCT Design Parameters for Full-scale EBCT of 10 min and 20 min 
(Where Noted, Values Before / are for EBCT of 10 rnin and after / for 
EBCT of 20 rnin) 

Overview of RSSCTs and Related Studies 

Analysis of UV254:TOC Ratio in RSSCTs 

Comparison of Specific Throughput for RSSCTs Using Calgon TOG 
and Calgon F400 Carbon (80x100 U.S. Standard Sieve Fraction) and 
Durham Water (1011 8/96) with a Simulated EBCT of 10 min 

Average Feed TOC Concentrations for Each RSSCT 

Summary of Logistic Function Fit to RSSCT Breakthrough Curves 

Average r and A Values for Each Utility 

Estimate of Service Time to Reach an Effluent TOC of 1 m g L  for 
Each Utility Based on Logistic Function Fit to RSSCT Data 

Comparison of Service Times to 50% TOC Breakthrough by Logistic 
Function Fit to RSSCT Data and by Empirical Equation Provided 
Westrick and Allgeier, (1996) 

10. Sample Volume Needed for Bench-scale Membrane Testing 

11. Bench-scale Membrane Test Program 

12. Effectiveness of Membrane Cleaning in Test Series 1A 

13. Water Quality Characteristics in Test Series 1B with Durham (2120197) 
Sample 

14. Example for Calculating the Total mass of TOC Recovered from the 
Membrane During the Cleaning Procedure 

15. Comparison Between Mass of TOC Recovered from the Membrane 
and Percent of Original Flux After Cleaning in the BaReMT and the 
RBSMT; Durham Test Water 

Page 

12 

. . . 
X l l l  



16. Comparison Between Mass of TOC Adsorbed and Mass of 
TOC Recovered in the BaReMT and the RBSMT; Durham Test Water 

17. Water Quality Characteristics in Test Series 2 

18. Comparison Between Predicted and Measured Values for C, 

19. Comparison Between Mass of TOC Recovered from the Membrane 
and Percent of Original Flux After Cleaning in the BaIReMT (Test 
Series No. 2) 

20. Comparison Between Mass of TOC Adsorbed and Mass of TOC 
Recovered in the BaIReMT (Test Series No. 2) 

21. Comparison of Total Number of Particles at the Beginning of the 
Run and Recovered in First Cleaning Solution 

22. Summary of Vertical Surface Parameters Obtained from the AFM Images 

23. Density of TOC in Foulant Layer as Measured by AFM 

24. Bacterial Cell Counts Obtained from the AODC; Raleigh sample 

25. Mathematical Models to Describe Permeate Flux Decline (Mallevialle, 
Odendaal, and Wiesner, 1996) 

26. Summary of K Values Obtained from Cake limited Flux Model 
(see Table 25) with Data from Test Series No. 2 

Page 

86 

xiv 



LIST OF APPENDICES 

I. Procedures for Packing GAC into the Column 

11. Flow Diagram for the RBSMT and Mass Balance Equations 

ID. Flow Diagram for BaIReMT and Mass Balance Equations 

IV. Determination of AODC 

Page 

119 

120 

122 

124 





SUMMARY AND CONCLUSIONS 

RAPID, SMALL-SCALE COLUMN TEST 

The Rapid, Small-scale Column Test (RSCCT) for granular activated carbon (GAC) was used to 
predict the breakthrough curves of natural organic matter (NOM) for water treatment plants 
located in Durham, Fayetteville and Raleigh. The analysis of data went beyond that required by 
the EPA ICR and yielded more insight into GAC performance at the bench-scale which may be 
useful for predictions at full-scale. For instance, the generalized logistic function provided a 
convenient way to smooth the experimental breakthrough data from which service time could be 
estimated for a breakthrough of 1 mg/L of TOC, a typical target for control of disinfection by- 
products. GAC service times (i.e., the time reach 1 mg/L of TOC) ranged from 48 to 91 days if 
the simulated, full-scale empty-bed-contact time (EBCT) was 10 min and 107 to 246 days if it 
was 20 min. Some of the variation in service time at each EBCT could be explained by seasonal 
differences (two seasons only in this research) in feed TOC concentration; that is, higher feed 
TOC led to shorter service time. However, differences in adsorbability of TOC between water 
supplies and between seasons at a specific water supply would also affect service time. 

The actual EBCTs in RSSCT that corresponded to full-scale EBCTs of 10 and 20 min were 1.55 
and 3.1 min, respectively. The fact that service time more than doubled upon increasing the 
EBCT from 1.55 to 3.1 may suggest that biodegradation removed some of the TOC at the longer 
EBCT. Bacteria were able to grow on GAC as evidenced by the large heterotrophic plate count 
in the effluent of the bed after eliminating bacteria in the feed with UV irradiation. Experiments 
to quantify the effect of biodegradation on TOC removal failed because it was not possible to 
eliminate the presence of bacteria within the GAC bed to make a comparison. 

Dividing effluent TOC by feed TOC gave a normalized breakthrough curve that accounted for 
the effect of feed TOC. Normalized breakthrough curves for two samples from Raleigh taken in 
early winter (December 12, 1996) and early spring (March 31, 1997) were in fairly good 
agreement. If this were generally true, a utility could generate a specific breakthrough curve for 
any feed TOC by multiplying the normalized breakthrough curve by the feed TOC for any given 
situation; the service time to any specific TOC in the effluent could then be estimated. 

Not all of the variability in breakthrough behavior among samples from the three water utilities 
could be accounted for by normalizing by the feed TOC concentration. The best example is the 
comparison of TOC breakthrough for Durham (June 3, 1997) and Raleigh (March 31, 1997) 
samples, each with a feed TOC of about 2.5 mg/L. The Durham results suggested a service time 
of 58 days to reach 1 mg/L of TOC whereas the Raleigh results suggested a much longer service 
time of 91 days, each at an EBCT of 10 min. If adsorbability of TOC was the same for both 
samples, we would have expected the same service time. Equilibrium adsorption data were not 
obtained from both samples malung it impossible to conclude if adsorbability differences existed. 
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The difference in normalized breakthrough curves between the two Durham samples taken in the 
fall (October 18, 1996) and early summer (June 3, 1997) was also quite substantial, again 
suggesting that equilibrium adsorption of TOC could have been different although no 
comparative data were collected to support this conclusion. 

Some comparisons of equilibrium adsorption (the adsorption isotherm) were useful for 
understanding breakthrough behavior in the dynamic RSSCT. For instance, the adsorbability of 
samples from Durham, Fayetteville and Raleigh were similar ( R ~  = 0.82 for fit to single 
Freundlich equation) within a three month period (January to April, 1997). As a rough 
approximation, the normalized TOC breakthrough curves should be similar although normalizing 
for feed TOC concentration does not account for the dependency of equilibrium adsorption 
capacity on concentration. Adsorption capacity increases with increasing TOC and this could 
offset to some extent the decrease in service time expected due to higher feed concentration (i.e., 
the more rapid exhaustion of adsorption sites). 

With regard to seasonal variations, the two Raleigh samples (December 5, 1996 and March 31, 
1997) gave similar adsorption isotherms whereas the two Fayetteville samples (September 24, 
1996 and January 9, 1997) were very different (better adsorbability on the latter date). Two 
factors are important in explaining the Fayetteville results. First, the initial TOC of the samples 
were very different (4.4 m g L  on September 24, 1996 vs. 2.2 mg/L on January 9, 1997). 
Assuming that NOM is a mixture of components of different adsorbabilities, it can be shown that 
diluting the sample water will not yield the same adsorption isotherm (Hanington and DiGiano, 
1989). Instead, the adsorption isotherm will "shift" in the same direction as observed for the 
Fayetteville sample on January 9, 1997; thus, the adsorbability of the sample may not have been 
different on the two dates. Alternatively, the adsorption behavior could have been different 
between the two samples, especially because the date of the sample taken in September was only 
two weeks after Hurricane Fran and thus, conditions in the Cape Fear river probably had not 
returned to normal. 

Finally, the logistic function may provide a useful way to compare' RSSCT data from different 
water utilities although it is not included in the EPA ICR laboratory procedures. The logistic 
function produces two constants, A and r, that define the shape of the breakthrough curve. The r 
values were quite consistent for normalized breakthrough curves obtained for the three water 
utility samples; however, the A values varied perhaps because of differences in adsorbability of 
NOM. 

BENCH-SCALE MEMBRANE TESTS 

The Batch Recycle Membrane Test (BaReMT) was developed in this research as an alternative to 
the Rapid, Bench-scale Membrane Test (RBSMT) recommended in the EPA ICR. The BaReMT 
produced similar patterns of flux decline and NOM rejection if the batch volume was 15 L. 
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Although the BaReMT requires more than 15 L because TOC in the sample must first be 
concentrated to simulate a given percent recovery of permeate water, it nevertheless is a smaller 
volume than needed for the RBSMT; moreover, the bench-scale operation is simpler. The 
differences in flux decline and NOM rejection when comparing operation at 30% system 
recovery with that at 80% were similar for both the RBSMT and the BaReMT. More flux 
decline was observed at the higher percent recovery, which could be expected because the 
concentration of foulants to the membrane was also larger. Greater percent rejection was 
observed at the higher percent recovery. Bench-scale testing provided a convenient way to assess 
the variability in membrane performance at different stages of full-scale operation (i.e., from low 
to high percent recovery). From a practical point of view, nanofiltration would produce very 
high percent removal of NOM (over 80% regardless of the stage of membrane treatment being 
simulated). Thus, membrane treatment would be a very effective way to control disinfection by- 
products if flux decline could be minimized. 

Several mechanistic models to predict flux decline fit the data rather well, which made it 
impossible to distinguish a responsible mechanism. One of these models (Cake formation - 
cake-limited flux) was chosen to calculate a generic flux-decline rate constant, K, for the three 
test waters (Durham, Fayettville and Raleigh). All three K-values were very similar, which 
means that differences in water quality characteristics did not markedly affect flux decline. 

The Batch Internal Recycle Membrane Test (BaIReMT) was found to be more convenient than 
either the RBSMT or the BaReMT. This alternative test would eliminate the preconcentration 
step needed in the BaReMT, which therefore reduces the volume requirement to 15 L, compared 
to about several hundred liters (depending on desired recovery) in the other tests. The 
assumption, however, was that the 15-L volume provided a sufficient mass of foulant so as not to 
limit flux decline in the test. 

Other foulants (particles and bacteria) besides NOM were probably present in the test waters. 
These were evident in measurements of particle size distribution and acridine orange direct count 
as well as atomic force microscopy (AFM) and scannning electroi microscopy (SEM) images. 
Particle number concentration in the feed decreased during each experiment and large particle 
numbers were removed from the membrane during cleaning. The diameter of particles that could 
be measured, however, was limited to >2 pm. Smaller particles could have contributed to 
fouling as has been observed by Weisner and Aptel (1996). The SEM images gave the 
impression that the membrane was covered with a network or matrix that consisted of a layer of 
NOM and microorganisms. AFM images provided a way to examine the surface contour with 
resolution to a few nm in height. Before exposure of the membrane to the test waters, the surface 
was very flat. After membrane operation for 180 hours and two membrane cleanings, the surface 
had bumps and pits, which were good evidence of an irregular foulant layer. AFM also allowed 
an estimate of the density of TOC in the foulant layer. Although AFM has the advantage of 
giving an impression of the foulant layer, it is not very useful for detecting individual particles or 
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microorganisms. Thus, the combination of AFM and SEM is better than using either image 
technique alone. 

Flux decline would be a serious operational problem in full-scale membrane treatment of surface 
waters that are similar to the three test waters investigated. Flux declined by 20% in about 4 days 
of operation thus requiring very frequent cleaning. No strong differences were noted for flux 
decline, flux recovery, and rejection of NOM among the three test waters. Nevertheless, the 
apparent molecular weight distributions (AMWD) of these waters were quite different, which 
would have been expected to produce different fouling characteristics. AMWD is only one 
measure of NOM characteristics that may not be sufficient to estimate fouling potential. In 
addition, other foulants besides NOM could be important (e.g., particles and microorganisms); 
these were not characterized in detail. 

The cleaning procedure allowed for nearly complete flux recovery. Cleaning removed between 1 
and 2 mg of TOC from the membrane surface, which when expressed as a density in a foulant 
layer as estimated by AFM was about 500 to 800 mg/cm3. SEM- and AFM- images taken after 
membrane cleaning showed evidence for NOM and other possible foulant materials remaining; 
therefore, although cleaning produced good flux recovery, it was not completely effective in 
removal of foulants. 



1. A better experimental design is needed to determine if biodegradation can increase TOC 
removal in the RSSCT, especially at a simulated EBCT of 20 rnin where significant 
breakthrough may not occur for 10 or more days of observation, during which microbial 
attachment could occur. 

2. The generalized logistic function should be used to smooth breakthrough curves from the 
RSSCT and possibly to examine if trends can be seen in the r and A values, seasonally at one 
water utility and among different raw water supplies. 

3. Adsorption isotherms would be a useful additional piece of information to gather in the EPA 
ICR. 

4. Flux decline, flux recovery and rejection should be compared for the RBSMT and the 
BaIReMT to gain more confidence that the results will be similar as should be expected from 
the RBSMT-BaReMT comparison. 

5. The extent of membrane fouling for certain foulants has to be examined more carefully 
because it is evident that in addition to NOM, particles and bacteria can cause membrane 
fouling. One possible experiment could involve comparing BaIReT results from two 
experiments, one with and one without the presence of particles larger than perhaps 0.5 pm if 
possible. 

6. Other cleaning procedures should be tried to determine if irreversible flux decline can be 
minimized. 

7. The roughness of the membrane surface obtained from AFM-images needs to be better 
understood. A reference plane could be obtained by blocking a section of the membrane with 
a removeable thin layer prior to the membrane experiment to prevent direct deposition of 
foulants on the surface. Removal of the layer at the end of the experiment would enable 
measurement of the true depth of the foulant layer relative to the clean membrane surface. 

8. Long-term bench-scale studies should be compared to pilot-scale studies to determine if a 
steady-state pattern of flux decline and recovery is achieved in either and if the patterns are 
similar. 

xxi 





INTRODUCTION 

The need for new treatment technologies for drinking water has been driven recently by 
regulations current and pending to control the concentrations of disinfection byproducts @BPS). 
These DBPs originate from reaction of chlorine and other disinfectants with natural organic 
matter (NOM) in drinking water supplies. This research was premised on passage of the U.S. 
Environmental Protection Agency @PA) Information Collection Rule (ICR), the purpose of 
which in part is to assess the feasibility of adsorption and membrane treatment to control NOM. 
On May 14, 1996, about 10 months after this research began, the ICR was promulgated (Federal 
Register, Vol. 61:94:24354, May 14, 1996). The rule contains the following elements: 1) 
microbial monitoring to assess pathogen occurrences (Giardia, Cryptosporidium, E. coli or fecal 
coliforms, and enteroviruses) and the ability of the current rules concerning disinfection to assure 
adequate protection; 2) DBP and DBP precursor (i.e., NOM) monitoring to assess the 
relationship between water quality and DBP concentrations; and 3) bench and/or pilot-scale 
testing of activated carbon adsorption and membrane separation at certain utilities to assess the 
most economical way to control DBP precursors if certain criteria are not met. This research 
deals with the third element and in particular with maximizing information from bench-scale tests. 
Krasner, Westrick and Regli (1995) estimate, for example, that each pilot plant test could cost 
$750,000; in addition to large capital expenditures for pilot equipment, there are substantial 
personnel costs for on-site investigations. In contrast, bench-scale studies can be done with far 
less personnel and in much shorter time thus reducing the cost to a small fiaction of pilot plant 
tests. The diiliculty, however, is a general reluctance on the part of the consulting engineering 
community to accept the results of bench-scale studies for process design, even at the preliminary 
stage. 

Utilities serving between 100,000 and 500,000 people and having an average total organic carbon 
(TOC) concentration of 4 mgL in the raw surface water will be required to conduct bench- or 
pilot plant studies of either granular activated carbon (GAC) adsorption or nanofiltration (NF) 
membrane treatment over a one year period beginning in 1998. Based on these criteria, Durham, 
Fayetteville, Raleigh and possibly Greensboro, NC, must comply with this aspect of the ICR 
(Water Resources Research Institute of the University of North Carolina, 1994). 

Bench- andlor pilot-scale testing is required for two reasons. First, studies have generally shown 
that the maximum removal of DBP precursors after optimization of conventional water treatment 
is about 50% and thus a TOC of greater than 2 mg/L after treatment (i.e., 50% of 4 mg/L) may 
not be adequate for stricter regulations of DBPs that are anticipated in Stage 2 rule-making 
wherein the MCLs for trihalomethanes (THMs) and five haloacetic acids (HAAJ are to be 
lowered. Second, the reactivity and concentration of DBP precursors can vary sigruficantly with 
season of the year and location, which makes the effectiveness of treatment technologies site 
specific and thus implies the need for bench- and pilot-scale tests. 



Bench-scale testing is especially advantageous given that the ICR requires an evaluation of the 
seasonal influences of water quality on DBP precursor control. Samples could be collected for 
bench-scale tests at different times during the year more easily than start-up and shut-down of 
pilot plant operations. Nonetheless, it is likely that consulting engineering firms would still 
recommend pilot-scale testing over bench-scale testing because they have more confidence and 
experience with interpreting performance in these tests and thus in projecting costs. This attitude 
is not unfounded. Although there has been growing experience with bench-scale tests of 
activated carbon adsorption in recent years (the ICR includes recommendation of the rapid-small 
scale column test), very little information is available on how to conduct bench-scale tests of 
membrane separation technology. 

A broader motivation for study of bench-scale treatment technologies is the need for information 
to help many smaller utilities in North Carolina that are not affected by the ICR but that will 
eventually be required to control NOM. Many of the utilities serving less than 100,000 
customers in North Carolina have TOC in excess of 4 mg/L (Smith, 1994) and would thus be just 
as likely as larger utilities to generate DBPs in excess of concentrations considered a threat to 
human health. These small utilities would stand to benefit from access to information generated 
on precursor removal technologies for similar water quality characteristics in North Carolina. 

The primary objective of this research was to demonstrate that bench-scale testing of GAC 
adsorption and NF membrane separation technologies can yield valuable information for 
assessment of the effectiveness of DBP precursor control as required in the ICR. A secondary 
objective was to use bench-scale testing to compare the efficacy of these treatment technologies 
at three water supplies (Durham, Fayetteville and Raleigh) that will be affected by the ICR to 
determine the similarity of results with the goal of possibly economizing on pilot-scale testing 
that may be required in the future. The existing protocol for bench-scale testing of GAC 
adsorption was the starting point, although ways were examined to modify it to give more 
complete information. A standard protocol was put forth for bench-scale testing of NF by 
Westrick and Allgeier (1996) as part of the ICR. However, the test procedure can be fairly 
complex and results are limited so far. In this research, the Rapid, Bench-scale Membrane Test 
(RBSMT) given by Westrick and Allgeier was compared with twoximpler batch testing 
alternatives which are referred to as the Batch Recycle Membrane Test (BaReMT) and Batch 
Internal Recycle Membrane Test (BaIReMT). Budget constraints of the project did not permit 
measurement of THMs and HAAS that would form under a given set of chlorination conditions 
following each bench-scale treatment as is required in the ICR testing protocol. Instead, the 
efficacy of treatment was measured only on the basis of removal of the precursors to these DBPs 
as measured in the usual way by total organic carbon (TOC) concentration and m254 absorbance. 
This limitation did not detract from the stated objectives of the project. 



BACKGROUND 

RAPID SMALL-SCALE COLUMN TEST (RSSCT) FOR GAC EVALUATION 

The rapid small-scale column test (RSSCT) was originally reported by Crittenden et al. (1986) as 
a means to predict the adsorptive breakthrough behavior of a trace synthetic organic chemical in 
either a water supply or wastewater. Since then, its use was extended to the breakthrough 
behavior of DBP precursors (e.g., Crittenden et al., 1987 and Curnrnings and Summers, 1994). 
Because of the experience of the USEPA, university researchers, and some of the major 
consulting engineering firms, the ICR specifically includes a recommendation for use of the 
RSSCT. However, as will be explained below, this technique still requires specialized 
knowledge and assumptions. 

The RSSCT relies upon a dynamically-scaled physical model of full-scale GAC adsorber. 
Scaling equations (which are based on mass transfer principles for the adsorption process) are 
used to proportion the column diameter and length, GAC particle size, and flow rate to allow the 
effluent TOC-time data to be projected to its full-scale equivalent. A typical laboratory column 
has a diameter of 2 cm or less and a length of about 10-20 cm. Scaling equations require that the 
diameter of the GAC particles be considerably smaller than those in the full-scale unit (e.g., 0.2 
mm in contrast to 1.1 mm) and that the velocity (or application rate) be considerably larger (e.g. 
6.6 m/h in contrast to 4.3 rn/h). The key feature of the RSSCT that makes it possible to obtain 
design information in a much shorter time than pilot plant testing is that the empty-bed-contact 
time (EBCT) is considerably less than in either pilot- or full-scale (e.g., 2 min in contrast to 15 
min). The EBCT is proportional to the amount of GAC that would be available for adsorbing the 
DBP precursors. With far less GAC available than in full-scale, the adsorption capacity for DBP 
precursors is reduced proportionally. Thus the breakthrough curve (the increase in TOC in the 
effluent to eventually reach the feed concentration) is "compressed" in time such that it will 
usually be observed in about one week whereas it may take 10 weeks in a pilot plant. 

The key equation that determines the correct scaling up of bench-wale results to the pilot-scale or 
full-scale is: 

EBCTBs = (d Bs l d m  ) 2 - X  . EBCT 

where d is the GAC particle diameter, X is a parameter used to adjust for dependency of the 
diffusivity of DBP precursors on GAC particle diameter, and the subscripts BS and FS refer to 
bench-scale and full-scale, respectively. The usual behavior for SOCs and other small molecules 
would correspond to X=O which means that diffusivity is independent of GAC particle diameter. 
However, it has been shown empirically that X=l for NOM adsorption (Summers, et al., 1995). 
That is, the smaller the particle, the smaller the diffusion constant for NOM, probably because 
fracturing the GAC particle allows access to smaller pores where diffusion may be slowed by 



interference fiom collisions with pore walls (this is like Knudsen diffusion theory to explain 
diffusion of gases through porous catalyst materials). 

The EBCT in pilot- and full-scale are intended to be the same and thus no distinction is made 
here. By making the particle diameter smaller in the bench- than hll-scale adsorber, the EBCT of 
the bench test can be made smaller. Correspondingly, the time to observe breakthrough of the 
DBP precursors (usually measured by TOC) is made smaller. The relationship between the time 
to reach a given TOC in the efnuent of the adsorber for the bench- and full-scale is: 

If a constant wave pattern of adsorption is assumed, the time to observe a given extent of 
breakthrough is proportional to the EBCT. Hence, the breakthrough curve obtained fiom the 
RSSCT can be scaled-up to fill-scale by: 

The selection of X, while important fiom a conceptual point of view, does not affect the scale-up 
of the RSSCT breakthrough curve to a large extent. It is true fiom Equation 1 that a much 
smaller EBCTBs is obtained for X = 0 rather than X = 1. Hence, the principle of a constant wave 
pattern for breakthrough requires that the time to reach any concentration on the breakthrough 
curve will decrease in proportion to the decrease in EBCTss. However, this decrease in time is 
exactly compensated by the increase in scale-up factor (EBCTFs/EBCTBs) to determine the 
corresponding value of tFs in Equation 3. Thus the predicted position of breakthrough will be 
about the same. The shape of the breakthrough curve may be different owing to small changes in 
shape of the mass transfer zone if the wave pattern is not exactly constant. 

The velocity of water through the adsorber is also scaled according to: 

where v is the velocity and Re is the Reynolds number. For perfect scaling, the Reynolds numbers 
should be equal in the bench- and full-scale tests. However, calculations and experience show 
that unless the Reynolds number is reduced, the length of the bench-scale column, LBS , which is 
given by 

would be excessively long and would result in too much head loss to maintain the desired flow 
rate. The subscript "rnin" in Equation 4, therefore, refers the minimum Reynolds number that can 
be used in the bench-scale test without causing too much emphasis on the effects of dispersion 



dispersion and external mass transfer (neither of which is anticipated in the full-scale system) 
while keeping the column length short enough to prevent problems with excessive head loss. 

Reasonably good correspondence has been obtained between TOC breakthrough observed at the 
pilot- and full-scale and that predicted from scale-up of the RSSCT results. Among the source 
waters reported are Ohio River (Cincinnati, OH), the Colorado River water (Los Angeles, CA), 
the Delaware River (Philadelphia, PA) , Mississippi River (Jefferson Parish, LA), Rhine River 
(Karlsruhe, Germany), Portage Lake (Houghton, MI) and Florida groundwater (Palm Beach, FL). 
Various uses have been made of these data, including estimation of process costs Three useful 
references on RSSCT results are McGuire, et al. (1 99 1); Cumrnings and Summers (1994) and 
Summers, et al. (1995). 

BENCH-SCALE NANOFILTRATION MEMBRANE TESTS 

In connection with publication of the EPA's ICR, a laboratory manual was provided that includes 
two recommended bench-scale tests (Westrick & Allgeier, 1996). The rapid, bench-scale 
membrane test (RBSMT) was originally developed by Allgeier and Summers (1995a) while the 
single element test was developed by Taylor and Mulford (1995). The RBSMT utilizes a small 
flat sheet of membrane material (154 cm2 in surface area) whereas the single element is a 
commercially available, spiral wound membrane, the smallest of which may be 2 inches in 
diameter (5.1 cm) and 2 feet (61 cm) in length, containing about 5 m2 of surface area (typically, 
4000 m2/m3). Because of the much larger membrane surface area, the single element test 
requires a far greater feed flow rate than the RBSMT. In both the Allgeier-Summers and Taylor- 
Mulford set-ups, continuous flow systems are used with recycle of a fraction of the concentrate to 
the feed line (after the feed tank) as would be true in pilot-plant scale. Given a typical specific 
productivity for pure water of 38 gallons per square foot per day (gfd) and a flat sheet membrane 
having a surface area of 0.16 ft2 (154 cm2), the volume requirement for a five-day run (a typical 
time to observe flux decline) in the RBSMT would be about 30 gallons (1 15 L). Several such 
runs would be needed to simulate the effect of water recovery (permeate flowlfeed flow) on 
performance. According to Taylor and Mulford (1995), a flow rat6 of 0.75 gpm was needed for 
their single element test which means that 5400 gallons (20,412 L) would be needed for a five- 
day test. In practical terms, the single element test is very difficult to conduct unless done at the 
water treatment plant site. Although the RBSMT requires far less volume, it is still inconvenient 
if the sample water must be transported from the water treatment plant to another laboratory. 

The RBSMT and the single element test both allow for simulation of water recovery (permeate 
flowlfeed water flow) which is an important design parameter for full-scale systems. A staged- 
array configuration is used in full scale so that the concentrate flow from one stage becomes the 
feed flow to the next stage in order to increase the water recovery. Typically, recoveries ranging 
from 30 to 90% are recommended for study in order to measure the performance at different 
stages of a full-scale array. The higher the percent recovery, the higher the bulk TOC 



concentration on the feed side of the membrane owing to return of greater percentage of 
concentrate; this could increase the concentration driving force for transport across the 
membrane. 

Allgeier and Summers (1995b) have analyzed the effect of recovery on solute rejection for 
convection- and diffusion-controlled transport through membranes. They showed that the 
percent rejection as measured by the ratio of permeate-to-feed solute concentration (before 
blending with the concentrate) decreases by about 30% as water recovery increases from 20 to 
90%. Similar results were predicted by Taylor and Mulford (1995). Still lacking, is an 
understanding of the effect of percent recovery on flux decline due to NOM fouling, which 
would be the dynamic response to variations in bulk TOC on the feed side of the membrane. 
Most of the water in staged membrane arrays is produced in the first stage (corresponding to low 
percent recovery) and thus any loss in production due to fouling in this stage would be more 
important than in the latter stages. More research is needed to determine if simulating a range of 
percent recoveries in bench-scale studies is essential to simulate full-scale performance. 

An alternative to the RBSMT is the batch recycle test. In this test, both the concentrate and the 
permeate are returned to the batch feed tank; therefore, only a small volume of water is needed. 
The major concern is that batch tests could produce less flux decline because of the limited mass 
of foulants in the batch (Speth, et a1.1996). Nilson and DiGiano (1996), DiGiano et al. (1995), 
and Braghetta et al. (1997) utilized the batch test and applied it to study NF. Those studies did 
not compare the batch recycle test to the RBSMT and they were not done in a way to simulate 
percent recovery. The batch recycle test of those studies can be modified in either of the 
following ways to include simulation of percent recovery so as to make the test quantitatively 
comparable to the RBSMT: (1) preconcentrate the NOM to simulate a desired stage (and percent 
recovery of water) in membrane treatment or (2) use an internal recycling loop as in the RBSMT 
whereby part of the concentrate is blended with the feed just before the membrane and the 
remainder is returned to the batch feed tank. 

The limitations of bench-scale tests of membranes have been recognized. Pilot-scale tests may 
give a better comparison to full-scale because they are run for long periods of time under actual 
operating conditions. Compromises with full-scale are often necessary to make the bench test 
simple, fast and economical to conduct. For instance, the membrane surface area must be very 
small in order to minimize the feed flow requirements. Some claim that membrane casting does 
not produce a surface with uniform physical-chemical properties. Hence, permeability and 
rejection measured with a small sample of a flat sheet in a bench-scale test may not be 
representative of full-scale module; "bench-scale" spiral wound elements are subject to the same 
criticism. Another concern is scale down of the hydraulics of feed flow through the channels of a 
spiral wound module or within hollow fibers (in the inside-out flow configuration); permeate 
flow and fouling characteristics are affected by cross-flow velocity because this determines mass 
transfer properties. Equally important, bench-scale tests are not intended to measure dynamic 
response of the process, for example, to a changing composition of solutes in the feed water to a 
membrane. For all of these reasons, pilot plant tests will follow bench-scale tests to provide a 



more realistic evaluation of the process. Nonetheless, bench-scale tests serve at least as a good 
way to determine the operating conditions that are most important to evaluate at the pilot-scale. 

Direct comparisons of bench and pilot-scale test results are scarce in the literature. A recent 
comparison of the RBSMT with pilot-plant data was made with repeated cleaning of the bench- 
scale membrane over 20 days (Speth et al., 1997). The pilot-plant membrane had been in 
operation for several months before the RBSMT was begun and had reached a steady state 
pattern of flux decline and flux recovery. Even after 20 days with cleaning every 4-5 days, 
however, the bench-scale system had not reached a steady-state flux decline and recovery pattern 
that was close to the pilot-plant data; the trend was toward similarity in flux declines, but still 
longer bench-scale studies were suggested. 

Based on the above discussion, the following are offered as criteria for a bench-scale test to meet 
the goals of EPA's ICR for evaluation of membrane treatment: 

Equipment should be small enough to permit "bench-top" laboratory operation; 
Feed water volume should be small enough for convenient collection, transportation, and 
storage prior to use; 
The pressure-permeate water flux relationship for pure water and effect of temperature on 
this relationship (see next item) should be verified as a first step in the testing program; 
Temperature should be controlled in the bench-scale test because high pressure pumps cause 
heating of the water which will affect flux measurements during the course of a bench-scale 
tests; 
Pure-water permeate flux should reach a steady value before beginning tests with sample 
waters (this often referred to as "setting" of membranes due to compaction that occurs when 
pressurized); 
Time to conduct each batch test should be reasonable short (five to seven days); 
Cross-flow velocity (volumetric flow of feed water divided by area of channels normal to 
direction of flow) should be similar to full-scale in order to capture the hydraulics properly; 
(batch, "dead-end" membrane modules do meet this criterion); 
Feed concentration of TOC should be constant during each bench-scale test to interpret flux 
decline due to organic fouling; 
Cross-flow velocity and feed TOC should be master variables in a series of bench-scale tests 

10. Permeate water flux and rejection of solutes should be measured over sufficient operating 
time to capture the effects of membrane fouling; 

11. Recovery of permeate flux by various cleaning strategies (high-velocity rinse and/or chemical 
cleaning) should be evaluated by repeated experiments under the same feed conditions. 



MATERIALS AND METHODS 

SOURCE WATERS 

Batches of water were collected from the effluent-end of the sedimentation basin of the Williams 
water treatment plant (WTP) in Durham, P.O. Hoffer WTP in Fayetteville, and E.M. Johnson 
WTP in Raleigh. All three plants add chlorine above the filters. Thus, it was necessary to take 
settled rather than filtered water to avoid the chlorinated DBPs formed in the contact time of the 
filters and the formation of other chlorinated products that would possibly adsorb differently on 
GAC. The same procedure is required in the EPA ICR in order report the removal of 
unchlorinated NOM by either GAC adsorption or NF membrane separation and the subsequent 
production of DBPs corresponding to post-treatment with chlorination and simulation of reaction 
time in the distribution systems (the so-called system distribution simulation time). 

Relevant characteristics for batch samples taken from the three WTPs to conduct specific bench- 
scale tests will be included in the Results section. Suffice it to say, that all three surface water 
supplies are characterized by relatively high TOC (roughly in range of 4-8 mg/L), turbidity 
(variable, but typically from 5 to 25 nephelometric turbidity units), low alkalinity (< 25 mg/L as 
CaC03) and low hardness (<25 rn@ as CaC03). Durham and Fayetteville add alum for 
coagulation while Raleigh adds femc chloride. Raleigh draws water from Falls Lake that is 
impounded from the Neuse River which receives a wastewater discharge from the City of 
Durham. Durham draws water from Lake Michie which is a protected watershed. Fayetteville 
draws water from the Cape Fear River which contains many municipal and industrial discharges 
as well as drainage from agricultural and urban watersheds. High NOM concentrations (as 
measured by TOC) are typical of the North Carolina Piedmont region and thus either GAC 
adsorption or NF will be greatly challenged. In the former process, service times to control 
breakthrough of TOC will be relatively short and in the latter process, membrane fouling may be 
a serious concern leading to excessive flux decline and frequent membrane cleaning. 

Grab samples were taken at various times during 1996 and 1997. They were collected by 
siphoning the water through a hose into several 30-gallon containers that were first rinsed with 
the same water. The sample containers were stored in a laboratory refrigerator at 5OC until use. 

Before bench-scale tests of GAC or NF membranes, the EPA ICR laboratory procedures require 
that the water be cartridge filtered to simulate the filtration process in a WTP. The cartridge 
filters were first flushed with tapwater and rinsed with ultrapure laboratory water (GAC and ion 
exchange resin units provided by Dracor, Inc). Two types of cartridge filters were tried. Those 
containing cellulose acetate fibers had a tendency to leach organic substances, causing the TOC 
concentration to increase whereas resin-bonded cellulose cartridge filters decreased the TOC 
slightly, possibly by capture of particulate organic material. The latter was selected to avoid 
introduction of an extraneous source of TOC unrelated to NOM. 



In preparation for the RSSCT, settled water was allowed to w m  up to room temperature 
overnight before passing it through a resin bonded cellulose, woven fiber cartridge filter having 
an "effective" pore openings of 1 pm. This filter size avoided problems with excessive headloss 
in the GAC-filled column during the RSSCT. For the bench-scale membrane testing, a 
polypropylene cartridge filter with an effective diameter of 5 pm was used. A larger effective 
diameter was selected for the membrane testing because the experimental design was not limited 
by concern for headloss development as in the RSSCT (a membrane process is pressure driven). 
In fact, the larger effective diameter provided a more realistic simulation of WTP filter 
performance because it allowed passage of small particles that would possibly be foulants of 
concern in any proposed membrane treatment process for surface waters. 

SET-UP OF RSSCT 

The RSSCT requires use of GAC particles of smaller diameter than commercially available. The 
recommended procedure in the ICR is crushing of 12 x 40 U.S. standard sieve GAC followed by 
washing the desired sieve size fraction with deionized water, and drying the yield at 105OC. In 
this research, a ball mill was used instead of mortar pestle hand crushing. The latter method had 
been used by other researchers but was found to be very labor intensive and time consuming. To 
our knowledge, there is no theoretical basis for concluding that the difference in adsorptive 
behavior of particles produced by ball mill compared to those produced by mortar pestle would 
significantly impact the shape and position of the breakthrough curve generated in the RSSCT. 

Based on the literature (e.g., Summers, et al., 1995) and the scaling equations presented earlier 
(see Equations 1-5), the 80 x 100 U.S. sieve size fraction (0.16 mm geometric mean diameter) 
was chosen for the RSSCT. This size is large enough to prevent excessive headloss and small 
enough to reduce the breakthrough time substantially from full-scale (see Equation 2) assuming 
that the 12 x 40 U.S. sieve size fraction (0.84 mm geometric mean diameter) would be used in 
full-scale. 

Although most of the RSSCTs reported here were done with crushed and sieved Calgon F 400, 
an alternative Calgon GAC was investigated initially with the hope that it could be used with 
only sieving and not crushing. Calgon TOG is commercially available in the 80x325 U.S. 
standard sieve fraction so it was very easy to obtain large quantities of the 80x100 U.S. standard 
sieve fraction for the RSSCT. Calgon TOG is made primarily for installation in point-of-use 
water treatment devices. A representative of Calgon Carbon Corporation reported that Calgon 
TOG is derived from production of the F400 carbon. However, it has a lower adsorption activity, 
as measured by a lower iodine number (mg iodine adsorbed per gram of activated carbon): 850 
for TOG compared to 1000 for F400. In addition, its higher density (we have measured an 
apparent density, i.e., density of packed GAC in a laboratory column, of 0.58 as compared to 
0.48 &m3 for F400) could suggest a less-well developed pore network and thus less adsorptive 
capacity. As will be seen, this GAC did not behave similarly to crushed Calgon F400 and was 



abandoned during the project. Nonetheless, the comparative results are included because they 
illustrate the importance of proper selection of GAC. 

The crushed and sieved GAC samples were rinsed with ultrapure laboratory water (a few grams 
at a time in an Erlenmyer flask) and the fines were decanted; rinsing was repeated until the 
supernatant appeared clear. When all the GAC was thoroughly rinsed, it was collected in an 
Erlenmeyer flask and ultrapure laboratory water was added to a level of about 2 cm over the 
carbon slurry surface. The slurry was then dried overnight at 105OC, transferred into a clean 
glass bottle, and sealed airtight with a TFE-lined cap. 

The amount of GAC needed for the RSSCT was estimated by 

where L is the length of the bench-scale contactor (see Equation 5) which depends on the full- 
scale EBCT being simulated, A is the cross-sectional area of the column (1.5 cm in diameter) 
and PA (0.7 &m3) is a reasonable estimate. An additional 2 g of GAC was prepared in case the 
actual packed bed density was greater than estimated. 

The estimated amount of GAC was placed into a filtering flask and ultra pure laboratory water 
was added to a level of about 2 cm over the carbon slurry surface. A vacuum was then applied to 
the filtering flask overnight to "deaerate" the GAC; this prevented release of air bubbles when 
the GAC was transferred to the test column. 

A schematic of the RSSCT set-up is shown in Figure 1. The feed tank was a 45 L glass carboy. 
Tygon tubing was used for transporting the water from the feed tank to the GAC-filled column 
and then to the drain. The detailed procedures for paclung GAC into the column are given in 
Appendix I. The nominal flow rate during each RSSCT was 7.4 mUmin. Flow rate was 
checked several times each day so that the variation was + 5 percent. A pulse dampener was 
partially filled with test water to trap air above it; this was important to minimize flow variation 
through the column due to the peristaltic pumping action. A pressure gauge was installed to 
measure head loss through the GAC column; this gave warning of any potentially serious 
clogging that would require corrective action (e.g., pressure drop in excess of 25 psi required 
stopping the pump and careful stimng of the top-most layer of GAC particles in the column with 
a thin, stainless steel wire.) 



Figure 1. Schematic of RSSCT 
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A summary of the bench-scale and corresponding full-scale process parameters is given in Table 
1 for simulating EBCTs of 10 and 20 min. The only differences between these two EBCT 
simulations is in the length of the bench-scale column filled with GAC (6.5. cm vs. 13 cm), the 
approximate mass of GAC (1 1 vs. 22 g) and bench-scale EBCTs (1.55 vs. 3.1 rnin). 
The EPA ICR laboratory procedures require analysis after GAC treatment of DBPs formed by 
chlorination under simulated distribution system conditions in addition to precursor 
concentration remaining in the product water. However, the budget of this project did not 
permit analyses of DBPs that would from the precursors under specified chlorination conditions 
as is required in the ICR procedures. Thus, only the DBP precursor concentration was measured 
entering and leaving the GAC bed. These precursors were measurkd by both TOC and W 
absorbance at 254 nm (see Analytical Methods). Although the EPA ICR requires 15 data points 
to define the breakthrough curve, many more were included in this research. The precursor 
concentration is sufficient to define the breakthrough curve in order to compare the performance 
at different seasons of the year and at three WTPs. 



Table 1. RSSCT Design Parameters for Full-Scale EBCT of 10 min and 20 rnin (Where Noted, 
Values Before / Are for EBCT of 10 min and After / for EBCT of 20 min) 

Parameter Value 
Column diameter (cm) 
Column length (cm) 
Activated carbon type 
'dgS (average diameter for 80 xlOO U.S. standard sieve 
fraction (0.177 mm x 0.149 mm) in mm 
IdFs average diameter for 12 x 40 U.S. standard sieve 
fraction (1.68 x 0.42 mm) in mm 
Approximate weight of GAC (g) 
Flow rate ( a m i n )  
Bench-scale application rate (m3/m2/h) 
Full-scale application rate (m3/m2/h) 
Bench-scale empty bed contact time (EBCT)Bs, min 

EBCT, = [ d ,  I dFSl2-' . EBCTFs see Equation 1 

EB CTFs 

tFS = EBCTRS 
tgS see Equation 3 

1.5 
6.5113.0 

Calgon F400 or TOG 
0.16 

- - 

The simple average of particle diameters for the two U.S. sieve sizes was used rather than the 
geometric mean, i .e., (dl d2)0.5 

ADSORPTION EQUILIBRIUM TESTS 

The bottle point method was used to determine the adsorption equilibrium isotherm (Randtke and 
Snoeyink, 1983). A slurry of powdered activated carbon (PAC) was prepared by adding a 
known mass of the U.S. sieve size fraction 200 x 325 of either Calgon F400 or Calgon TOG to 
ultrapure water. Different masses of PAC were added to 100 mL sample bottles that contained 
the test water of interest (10 L of settled test water were first filtered through a 1 pm cartridge 
filter, phosphate buffered to a 1 rnM concentration and adjusted to pH 6.5 with either 1 N HCI 
acid or 1 N NaOH). Sodium azide (0.5 gL) was added to the water to inhibit microbial growth. 
The isotherm bottles were closed with Teflon-lined caps and placed into the shaker for 7 days. 
Before analysis of the final TOC, the samples were filtered through a 0.45 mm membrane filter. 
The difference between the initial and final TOC concentrations divided by the mass of PAC 
represents the solid phase concentration (mg TOC/g PAC) corresponding to the final fluid phase 
equilibrium concentration in mg TOCIL. 

The adsorption isotherm is typically represented by the Freundlich equation: 



where q is the amount of NOM adsorbed (mg TOCIg) and C is the NOM concentration at 
equilibrium (mg TOCIL). The adsorption equilibrium experiment gives q as: 

where C, is the initial TOC and Cf is the final or equilibrium TOC, and W is the dosage of 
activated carbon (a). The Freundlich equation is a simplification because NOM is a complex, 
heterogeneous mixture of macromolecules. It is common to find that the Freundlich equation 
will not fit the equilibrium data over the entire range of observations (Hanington and DiGiano, 
1989). 

BENCH-SCALE MEMBRANE TESTS 

Three different types of bench-scale tests were used in this research: the rapid, bench-scale 
membrane test (RBSMT); the batch recycle membrane test (BaReMT); and the batch internal 
recycle test (BaIReMT). With regard to membrane treatment, the simulation of full-scale 
performance requires at the least that the transmembrane pressure, cross-flow velocity and the 
percent recovery be similar in bench-scale-tests. Transmembrane pressure determines permeate 
flux, cross-flow velocity determines the accumulation rate of foulant on the membrane surface, 
and percent recovery determines the feed concentration of foulants at a particular location in the 
staging of full-scale membrane treatment. 

The RBSMT was developed by Allgeier and Summers (1995) and is recommended in the ICR of 
the EPA (Westrick & Allgeier, 1996). The BaReMT was modified from that utilized by DiGiano 
et al. (1995) and represents an alternative to the RBSMT. The BaIReMT is a modification of the 
BaReMT in which an internal recycle line provides a simpler way to simulate the effect of 
percent system recovery without requiring that the feed concentration of TOC be increased 
artificially. In increasing order of simplicity, these three tests could be ranked as follows: 
RBSMT, BaReMT and BaReMT. 

The NTR-7450 flat-sheet nanofiltration membrane (Hydranautics, San Diego, CA) was used. A 
new piece was cut from a large sheet for each membrane test. The NTR-7450 is a thin-film 
composite membrane with a hydrophilic skin layer (sulfonated polyether polysulfone) to reduce 
fouling. Membranes made of this kind of material are more resistant to organic fouling and 
possess a negatively charged density on the membrane surface. They also possess higher water 
permeability than traditional softening membranes and were developed for industrial applications 
(e.g., soy sauce processing). The manufacturer reports the water mass transfer coefficient 
(permeate flux per unit of pressure) where flux is measured in gallons per square foot per day 
(gpd) and pressure in pounds per square-inch pressure (psi); for this membrane the value is 0.39 



gfdpsi or metric units, 9.7 Um2-hr-atm at 25 OC. The molecular weight cutoff (MWCO) was 
not provided by the manufacturer. However, the membrane is believed to be similar to those 
used in softening, and these have a MWCO of between 200-300 daltons (Fu et al., 1994). 

Membrane Test Cell. A flat sheet membrane test cell (Model SEPA CF, Osmonics, Minnetonka, 
MN) was used in each experiment (Figure 2). The cell is made of stainless steel and permits a 
membrane surface area of 155 cm2 (4x6 inch section cut from a large membrane sheet). 

The membrane test cell is operated with a flat feed spacer and a perrneate carrier typical of those 
supplied by the manufacturer for full-scale, spiral-wound membranes. The feed stream enters 
and the concentrate stream leaves at the bottom of the cell body. These flows are tangential to 
the membrane surface through the feed spacer, which makes the element hydrodynamically 
similar to a spiral-wound membrane. Cross-flow velocity was set at 0.1 rnls (0.33 ftfs) to 
maintain similarity to full-scale operation of membrane elements. After passing through the 
membrane, the permeate flows through the "permeate carrier" to a central collection channel 
located at the top of the test cell body where it exits. 

The permeate camer and the feed spacer were wetted and sandwiched between the two halves of 
the cell body and placed into the cell holder. The active membrane side (shiny side) faced the 
feed spacer. A nitrogen gas cylinder was used to produce a pressure of 200 psi on the cell holder 
to ensure a leak-proof seal. By pressurizing the cell holder, a piston was activated automatically 
and was moved down against the cell body. 

System Design for RBSMT. A schematic of the RBSMT is shown in Figure 3. A 45-L Pyrex 
glass container served as the feed tank. A high-pressure centrifugal pump (Webtrol, EZ series) 
delivered the water to the membrane. The transmembrane pressure was set at 80 psi so that 
permeate flux declined as fouling occurred. In initial studies, we noted that the rotary vane-type, 
positive displacement pump produced small particles that could have contributed to fouling. 
Thus, a 2-pm in-line cartridge filter was placed after the pressure ielief valve for removal of 
particles. The flow was split after the pump because flow rate through the pump was far greater 
than needed to pass through the membrane. Thus most of the flow was returned to the feed tank 
by way of a pressure relief valve and a small hold-up tank (4-L beaker) that contained stainless 
steel coils through which cold water was circulated to cool the water. 

The cooling system was very important to maintain a constant water temperature (23°C + 1°C) 
for analyzing the observed flux decline. Because of the oversized centrifugal pump that was 
used, a large amount of heat was generated. If temperature had been allowed to increase during 
the experiment, membrane separation principles show that flux would increase proportionally to 
temperature due to the linear decrease in viscosity of water. Thus, flux decline due to fouling 
would have been masked by increased flux due to the temperature effect. 







The feed water was combined with a recycle stream from the concentrate side of the membrane 
to simulate a desired system recovery. This recycle stream was passed through a recycle pump 
(Series A, Micropump Corp., Vancouver, WA) which boosted the pressure back to the inlet 
pressure, after which the outlet from the pump and the feed stream were combined. The system 
was equipped with a pressure regulator, a pressure gauge, and a flow meter. A second 2-pm in- 
line cartridge filter was placed before the pressure regulator. Needle valves were located on the 
concentrate outlet of the test cell and on the waste concentrate line. The needle valve on the 
concentrate outlet of the test cell allowed for control of the feed flow to the membrane, and the 
needle valve on the waste concentrate line allowed for adjustment of the system recovery. The 
concentrate was split into a waste concentrate stream that was collected in a 4-L Erlenmeyer flask 
and into a recycle concentrate stream that was returned to the feed to provide for simulation of 
percent recovery. The permeate was passed through a three-way valve. To measure the TOC in 
the permeate and the permeate flow, the valve was opened to a 50-mL volumetric flask. During 
normal operation the valve was opened to a 20-L collection container so that all permeate was 
collected and thus the total mass of TOC in the permeate could be calculated at the end of the 
experiment to provide a mass balance for determination of losses to the membrane surface. 
Percent system recovery is defined in a membrane system as: 

% System recovery = (Q,/Qd x 100 

where Qf is the feed flow rate (before blending with recycle flow line) and Q, is the permeate 
flow rate. Permeate flow rate was experimentally measured and percent system recovery was 
nominally selected as either 30 or 80% for each RBSMT to cover the range of practical concern. 
Thus, the feed flow rate could be calculated with Equation 9. This leaves the concentrate recycle 
flow rate, Q,,, to be calculated from flow balances around the membrane system. Appendix II 
gives the flow diagram for the RBSMT and the necessary flow balance equations to determine 
Qc,, for any specified percent system recovery. 

The typical permeate and waste concentrate flow rates were about 10 d m i n  and 23 mUmin, 
respectively when operating at a system recovery of 30% and about 15 d m i n  and 1.5 mL/min, 
respectively when operating at a system recovery of 80%. Over the course of a typical 
experiment, which lasted 130 hours, the volume of test water needed was about 300 L at 30% 
system recovery and about 70 L at 80% system recovery. Operating at 30% system recovery, 
batches of test water were removed from the refrigerator and filtered every day to provide the 
feed stream; operating at 80% system recovery, the batch feed container was filled twice over the 
entire operating time. 

An overall mass balance on TOC was determined in order to calculate the mass of TOC that 
associated with the membrane surface during the fouling process. Permeate and waste 
concentrate were collected separately so that a mass balance could be made on TOC of the 
system. Samples from the waste concentrate stream and from the batch feed tank were taken at 
the same time as the permeate sample. The waste concentrate flow rate was measured using a 
10-rnL graduated cylinder. The mass of TOC in the waste concentrate (concentration x volume) 



together with the mass of TOC collected in the permeate could be compared to the cumulative 
mass of TOC introduced to the membrane. The difference between mass of TOC introduced and 
recovered in waste concentrate and permeate would then be that accumulated on the membrane 
surface. 

The TOC feed concentration to the membrane after the recycle line, Cmf, is needed to calculate 
percent rejection [% rejection = (1-CdCd) x 1001. All mass balance equations are given in 
Appendix I1 to calculate Cmf either based on the concentrate concentration, C,, or system 
recovery, R,. For these experiments, Cd was calculated by measuring C, according to: 

where Cf is the feed concentration of TOC and Qd is the membrane feed flow rate (Qf.+Qc,J. 

System Design for BaReMT. A schematic for the BaReMT is shown in Figure 4. In this test, 
both the permeate and the concentrate stream were returned to the batch feed tank. Aside from 
the different flow scheme (batch vs. continuous), the same high-pressure pump and membrane 
test cell were used as in the RBSMT. This configuration made it possible to operate the 
BaReMT with much less water than the RBSMT. Two different volumes of batch feed were 
compared (4 L and 15 L). If foulant mass initially present in the smaller batch is in excess of that 
producing fouling, then the pattern of flux decline due to fouling should be identical for both 
feed volumes and they should be identical to the RBSMT results. This initial testing was done in 
Test Series 1A to select the batch volume that would prevent a foulant limitation and thus give 
correspondence between the BaReMT and RBSMT. 

To compare the results from the RBSMT and BaReMT both systems must operate at the same 
simulated system percent recovery in order keep the foulant concentration in the feed to the 
membrane the same. In this way, the same rate of flux decline s h ~ u l d  be observed if the tests are 
comparable because the membrane is exposed to the same foulant concentration. As shown in 
Appendix I., the flow and foulant mass balance equations lead to an equation that can be used to 
calculate the feed concentration to the membrane for simulation of a given percent system 
recovery: 

Cmf =cf - Q p  + cf -""[ I-- 
Qmf Rs 1- Rs 

where Rs is the system recovery expressed as a fraction (QdQf) (see also Equation 9), Cf is the 
TOC concentration in the batch feed tank and C, is the permeate TOC concentration. Close 
inspection of Equation 11 shows that Cmf is relatively insensitive to Qp. Further, past experience 





with the Hydranautics NTR 7450 membrane showed that the percent rejection is about 80% and 
so is 0.2 &. Thus, Equation 1 1 can be used to calculate & as a function system percent 
recovery given any feed TOC concentration (i.e., TOC in the test water to be treated). More 
detailed analysis is provided by Riddick (1997). Once is known, this concentration can be 
obtained for the batch feed by preconcentrating the TOC in the test water. A reverse osmosis 
(RO) element was operated as shown in Figure 5 to concentrate the TOC. 

Figure 5. RO Membrane Set-up for Preconcentrating Feed TOC in BaReMT 
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The RO membrane was made of spiral-wound cellulose acetate with a diameter of 4 inches and a 
length of 24 inches. To concentrate the TOC, the concentrate stream was returned to the batch 
and the permeate was discarded until the desired TOC concentration was achieved. The typical 
volume of water needed to produce this TOC was about 40 L to simulate 30% system recovery 
and about 100 L to simulate 80% system recovery. The volume of sample water needed to 
achieve the proper Cd value for simulation of a given percent system recovery in the BaReMT is 
arrived by a TOC mass balance: 

where V, and C, are the initial volume and TOC concentration, respectively, before the RO 
concentration step and Vf is the final volume of concentrate that will yield the desired Cd. The 
TOC concentration in the permeate flow wasted during the concentration step was near the 
detection limit (as should be expected for a RO permeate) and was therefore ignored in the mass 
balance calculation. 

Once the batch volume was prepared by the RO concentration step, the batch feed reservoir was 
filled and the experiment began. Samples fiom the permeate and the batch feed reservoir were 
taken simultaneously at various times throughout the period of membrane operation. 



System Design for BaIReMT. Having established in a first test series that the BaReMT could 
give similar results to the RBSMT, the BaIReMT was developed in Test Series 2 to provide an 
even simpler system to operate using the same principle as the BaReMT. A schematic of the 
BaIReMT is provided in Figure 6 and the corresponding mass balance equations to determine C, 
and Cb, the batch tank concentration, are given in Appendix III. The batch feed volume was 15 
L based on results with the BaReMT. 

The flow was split after the pump, with flow in excess of that required to pass through the 
membrane cell being returned directly to the batch feed container by way of the cooling system 
(see description of RBSMT). The permeate and a fraction of the concentrate stream were 
returned to the batch feed tank, as was done in the BaReMT. The remaining fraction of the 
concentrate stream was passed through a recycle pump to join the feed stream after the high- 
pressure pump, in the same manner as in the RBSMT. This provided the internal recycle needed 
to simulate percent recovery and the corresponding feed concentration of TOC to a membrane 
element at that stage in full-scale treatment. During start-up of the system, the feed concentration 
to the membrane will increase to a steady-state value because Cb increases by recycle of the 
concentrate stream (see Appendix III). In-line filters were not used when operating the BaIReMT 
because after conducting the RBSMT and the BaReMT, we were sure that the high-pressure 
pump did not generate any particles. In contrast to the BaReMT, the volume of test water is only 
that required to fill the feed tank. Preconcentration of the TOC is not needed to simulate system 
recovery because this is done by the internal recycle line. 

Conduct of Membrane Tests. The operating conditions for all three tests were identical in regard 
to transmembrane pressure (80 psi), cross-flow velocity (0.1 rn/s) and temperature (23OC k 1°C). 
The sequence of membrane operation was: membrane setting; first membrane cleaning; 
selection of the percent recovery for operation; determination of flux decline and NOM rejection 
(as measured by both TOC and UV-absorbing substances at 254 nm); second membrane 
cleaning; determination of flux recovery followed by flux decline and NOM rejection; third 
membrane cleaning; and final clean water flux, which represented flux recovery after second test 
of flux decline. 

The feed water for the RBSMT was taken from the refrigerator as needed to supply the feed tank 
over each 4-day test run (two of these runs with cleaning in between constituted one experiment). 
In the case of the BaReMT and BaIReT, a fresh batch of test water was prepared for each second 
run. 

"Setting" of the membrane is done to establish the steady-state flux of clean water after 
pressurization of the membrane test cell. As the cell is being pressurized and the membrane is 
being wet, the polymer matrix within the membrane may undergo changes which cause flux to 
decline until a new steady-state matrix conformation is reached. In addition, the ultrapure water 
may still contain small amounts of foulant materials that could cause flux decline. If time is not 



Figure 6. Schematic of the BaIReT 
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allowed for membrane setting, the flux decline upon introduction of the sample water may be 
misinterpreted as being due to fouling when, in fact, it is due to inherent changes in the 
membrane characteristics. In order to set the membrane, around 15-L ultrapure water was placed 
in the feed reservoir and passed through the membrane after the start-up at the desired operating 
conditions. The permeate and the concentrate line were recycled back to the batch feed tank. 
Permeate flow rate was measured directly after starting up the system, then every 15 minutes for 
the first hour, every 30 minutes for the next two hours, and then at least every 8-10 hours each 
day for a total period of about four days. The criterion to establish setting was a flux change of 
less than 4% over 12 hours. Flow rate was measured by determining the time needed to collect 
permeate in a 50-mL volumetric flask. 

The permeate flux was calculated from 

where J is the permeate flux and A is the active surface area of the membrane (1 55 cm2). Flux is 
typically expressed in gallons per square foot per day (gfd) in British units and in liters per square 
meter per hour (L/m2-hr) in metric units. 

The membrane sheet was cleaned after setting the membrane, and after the first and the second 
run using sample water. Each run lasted between 70 and 90 hours. An anionic, caustic detergent 
(MC-3, Zenon Water System Inc., Burlington, Ontario) was used for cleaning. A 1-L batch was 
prepared by adding 0.34 g of MC-3 to ultrapure water and carefully adjusting the final pH to 
between 10.3 and 11.0 using a few mL of a 55-rnM solution of sodium hydroxide. At the 
recommended concentration the TOC of the cleaning solution was 0.1-0.3 m g L  This very low 
TOC suggests that the commercial cleaning formula is of inorganic composition. 

The cleaning procedure consisted of the following steps: (1) circulation of cleaning solution for 
30 minutes after setting the membrane and 1 hour after first and second runs; (2) circulation of 
ultrapure water as rinse solution for 15 minutes and then repeat; (3) second cleaning with same 
conditions as Step 1; and (4) repeat of Step 2. A closed-loop cleaning system was used for 
complete recovery of foulants. Both the 1 -L detergent solution and the ultrapure water were 
circulated through the cell body with a centrifugal pump (Little Giant Pump Co., Oklahoma City, 
Oklahoma). The tubing on the feed inlet to the membrane was connected to the discharge side of 
the recycle pump. The tubing from the suction side of the recycle pump was placed in a 1-L 
beaker containing the cleaning solution. The free ends of the tubings from the concentrate outlet 
and the permeate outlet were also placed in the beaker with the cleaning solution. At the end of 
each step of cleaning, the TOC and UV absorbance at 254 nm (hereafter referred to as m254) 
was measured in the cleaning solution to determine the mass of foulant recovered from the 
membrane surface. 



The rejection of NOM as measured by TOC and W254 is a key parameter of interest. In general, 
expressions of rejection involve comparison of permeate concentration with the concentration 
"somewhere" on the concentrate side of the membrane (Mallevialle, Odendaal, and Wiesner, 
1996). In the RBSMT and BaIReT, the concentrate side concentration can be either that entering 
the membrane after blending the feed and recycle streams (Cd) or that of the feed (Cf). The 
former is referred to as bulk rejection and the latter as feed rejection. Percent bulk rejection and 
percent feed rejection are calculated as: 

% Rejection (bulk) = (1 - CJC,,) x 100 
% Rejection (feed) = (1 - Cp/Cf) x 100 

where concentrations are measured either as TOC or UV-absorbance. The feed concentration to 
the membrane (after recycle line) was assumed to be equal to the bulk concentration (this is Cd). 
In this study, bulk rejection was calculated for the RBSMT and the BaIReT because it is of more 
practical significance than feed rejection in judging how the membrane performs. That is, the 
capability of a membrane to reject a solute should be based on the concentration reaching the 
membrane. In the BaReMT, C,, is equal to C, and so bulk and feed rejection are identical. 

Flux recovery after cleaning of the membrane to remove foulants is another important 
performance measure in these membrane tests. The greater the recovery of flux, the more 
reversible is the fouling. The starting point for flux recovery calculations was the initial 
measurement of permeate flux (100% of original flux) after the first membrane cleaning. 

ANALYTICAL METHODS 

TOC. TOC concentrations in both the GAC and membrane bench-scale tests were measured 
using a Shimadzu 5000 Total Organic Carbon Analyzer (Shimadzu Corp., Columbia, MD) 
equipped with an AS1 autosampler. Samples were acidified with 2 N HC1 and sparged with Ultra 
Zero Grade Air (SUNOX Inc., Cary, NC) for 14 minutes to remove any inorganic carbon. 
Samples that were not analyzed directly were stored in a laboratoj refrigerator for a maximum 
period of four days. The TOC analyzer measured each sample 3 to 10 times until three 
measurements achieved a standard deviation of 200 area units. The precision was taken as k- 0.2 
mg TOCIL and the detection limit as 0.1 mg T O C L  

UV Absorbance. UV254 in both the GAC and membrane bench-scale tests was measured using a 
Spectronic 1201 Spectro-photometer (Milton Roy Co., Ivyland, PA) set at a wavelength of 254 
nm. Samples were analyzed using either a 1-cm quartz or a 5-cm quartz cell depending on 
absorbance values. UVZ54 is considered a good surrogate for NOM concentration because NOM 
typically contains repeating aromatic structural units (Krasner, et al., 1996). 



Apparent Molecular Weight Distribution (AMWD). Test Series 2 was a comparative treatability 
study of samples taken from the three water utilities (Durham, Fayetteville and Raleigh). 
AMWD is a widely-used technique to characterize the NOM which in this case may give some 
indication of expected NOM rejection and possibly of fouling potential at the three locations. 
The technique involves ultrafiltration (UF) fractionation after first filtering through a 0.45 pm 
filter to remove bacteria and colloidal material. Five different UF membranes (YM30, YMlO, 
YM3, YM1 and YC05) (Arnicon Inc., Beverly, MA), having nominal molecular weight cutoffs 
(MWCO) of 30,000, 10,000, 3,000, 1,000, 500 daltons, respectively were used. The MWCOs of 
these UF membranes are determined by the manufacturer and are based on a 90% rejection of 
globular proteins. All AMWD experiments were performed at room temperature in a 200-mL 
stirred UF cell (Model 8200, Amicon Inc., Beverly, MA), pressurized to 35 psi using nitrogen 
gas. The UF membrane disc was placed in the UF device (shiny side toward the solution), 
ultrapure water was filled inside and a volume of filtrate was collected (25 mL for the YM30 
membrane and 10 rnL for the YM10, YM3, YM1 and YC05 membranes). After collecting the 
desired amount of filtrate, the ultrapure water was drained and a 180-rnL water sample was 
placed into the UF cell. Altogether 140 mL of filtrate from the water sample were passed 
through the membrane. The first 3 mL of filtrate were discarded and the remainder was collected 
for measurements of TOC and UV254. The AMWD for NOM was calculated as a difference in 
TOC concentration between the filtrate from one membrane and the filtrate from the membrane 
of the next larger MWCO. All filtrate samples for TOC were run in duplicate and an average 
was calculated. 

Scanning Electron Microscopy (SEM). The surface of the membrane was inspected by SEM to 
obtain a visual impression of the extent and type of fouling. SEMs were taken before and after 
the final cleaning of the membrane of each experiment; this required cutting 1 cm2 away from the 
membrane with a razor blade. The samples were fixed (2.5% glutaraldehyde in water), 
dehydrated in ethanol, and critical point dried before they were viewed in the SEM. During the 
critical point drying the sample was brought from a liquid to a vapor environment without being 
in contact with surface tension (phase liquidlgas). Therefore, the shape and size of hydrated 
specimens was preserved. The dried samples were cut, mounted with double-sided tape on a 
aluminum stubs and sputter coated (Hummer X sputter coater, Anatech Ltd., Springfield, VA). 
They were stored in a dry, dust-free environment until analysis. The scanning electron 
microscope (Cambridge Stereoscan Type S200 by Leica) was available in the Microscopy 
Services Laboratory (Laboratory Director: Dr. Robert Bagnell, Department of Pathology and 
Laboratory Medicine, UNC-CH). Further details of the SEM procedure are given by Anveiler 
(1 997). 

Atomic Force Microscopy (AFM). AFM is a relatively new technique for morphological 
investigations of membrane surfaces. It provides a three-dimensional image of the membrane 
surface with a much higher resolution than SEM. For instance, variation in the height of the 
surface can be resolved at a level of as little as 10 nm. The equipment to make AFM pictures 
(Type: Explorer with ECU electronics, TopoMetrix, Santa Clara, CA) was available in Dr. 
Richard Superfine's laboratory (Department of Physics and Astronomy, UNC-CH). Samples 



were taken before and after the final cleaning of the membrane at the end of selected 
experiments. Details of the AFM procedures are given by Arweiler (1997). Results are provided 
for Test Series 2 only. 

Particle Size Distribution (PSD). Although the focus of the membrane fouling studies was on 
NOM, particles were not ruled out as potential foulants. The nominal pore opening of cartridge 
filter used a pre-treatment step was 5 pm. Particles smaller than 5 pm can be expected in the 
feed water to the membrane; in fact, such filters cannot be assumed to remove all particles of 
diameter greater than 5 pm. PSD was measured with a Met One Particle Counter (Model WGS 
260, Grants Pass, Oregon) which operates on the principle of laser light blockage as a single 
particle passes through the measurement chamber. The results were manipulated by the 
associated software (WGS Software, Version 2.4). This instrument allows expression of PSDs 
by particle number, particle volume or surface area and the bin size (width of the particle 
diameter range) for depicting these distributions can be chosen. The minimum diameter of 
particle that is detectable, based on factory calibration with latex spheres, is 2 pm. Deviation 
from spherical shape could influence light blockage and thus the particle diameters can only be 
thought of as a way to approximate the size distribution. Further details on procedures for PSD 
are given by Arweiler (1997). Results were obtained in Test Series 2. 

Enumeration of Bacteria. Bacteria could be responsible for additional NOM removal by 
biodegradation in the RSSCT and for membrane fouling as evidenced by flux decline in any of 
the three bench-scale membrane tests. For both of these reasons, bacterial enumeration was 
included in the RSSCT and membrane testing programs. The influence of bacteria on TOC 
removal in the RSSCT was crudely examined by counting the colony forming units (CFU) via 
spread plate technique (Standard Methods, 1992) in the influent and effluent of the GAC 
columns. Bacto nutrient agar was used as media. All samples were prepared in triplicate and 
incubated for 3 days at 35OC. 

Acridine orange direct count (AODC) is a method to count the total number of cells, both alive 
and dead in contrast to the CFU which counts only live cells. ~he'initial AODC of test waters 
was taken on the day when a sample was collected from the WTP. The samples were preserved 
with 1.1 mL 37% formalin (filtered through a 0.22 pm filter) and stored in a laboratory 
refrigerator until analysis. Particle free solutions were prepared by passing the ultrapure water 
(needed for sample dilutions) and solutions containing acridine orange dye (needed to stain 
bacteria on filters) through a 0.22-pm filter. Test solutions were filtered and stained. The filters 
were then put onto glass slides using a drop of immersion oil between the clean glass slide and 
the filter. Another small drop of oil was added on top of the filter and a cover slip was put on 
top. The cover slip was then sealed with melted paraffin, which was then observed under 
epifluorescent illumination. Experience showed that it was necessary to autoclave all glassware 
and the ultrapure water used to rinse the filtration apparatus and the stained filters. The 
procedure to convert cell counts to cell concentration per mL is given in Appendix N and more 
details are given by Arweiler (1997). 



RESULTS OF RSSCT 

OVERVIEW 

We selected important components of the RSSCT as proposed in the EPA ICR in order to test the 
practicality of the procedure. We performed tests not included in the ICR that would help extend 
the results both to utilities in the study and to other utilities wishing to incorporate the RSSCT in 
the future. The purpose of our work was not to collect data to satisfy the EPA ICR for any of the 
three utilities included in the study. This would have required extensive analytical work to 
measure DBPs which was not permitted by the project budget. 

The experimental program is summarized in Table 2. Several sets of RSCCTs were conducted at 
EBCTs of 10 and 20 rnin to permit comparison between water utilities and between seasons of 
the year. For these, we included many more data points for effluent TOC than required in the 
ICR to define breakthrough more carefully. We examined the effects of GAC type (Calgon TOG 
and Calgon F400) and microbial activity (by inactivation with sodium azide or UV irradiation) 
on the breakthrough behavior and we compared the adsorption equilibrium isotherms for the 
three test waters at more than one season of the year. None of these tests is required by the ICR. 
We also fit the resulting breakthrough curves to a model (generalized logistic function) in order 
to facilitate estimation of service times for each water utility. 

Table 2. Overview of RSSCTs and Related Studies 

Water Utility Date Type of GAC EBCT Related Studies 
Sampled (min) 

Calgon Calgon 10 20 
F400 TOG 

~ u r h a m l  812 1/96 d d NaN3 to eliminate microbial 
acti;ity on GAC 

~ a ~ e t t e v i l l e ~  9/24/96 d d UV irradiation to eliminate 
microbial activity on GAC 
Adsorption Isotherm 

~ u r h a m '  1011 8/96 d d d Effect of GAC selection 
Adsorption Isotherm 

~ a l e i ~ h ~  1 2/5/96 d / / 
~ a ~ e t t e v i l l e ~  1/9/97 d Adsorption Isotherm 
Durham1 2/25/97 d Adsorption Isotherm 
~ a l e i ~ h ~  3/7/97 d Adsorption Isotherm 
~ a l e i ~ h ~  313 1/97 d d d 
Durham1 6/3/97 d d d 
1 Williams WTP; 2 ~ .  0 .  Hoffer WTP; 3 ~ .  M. Johnson WTP 



MICROBIAL ACTIVITY ON GAC 

An experiment was designed to measure the extent and impact of microbial activity on GAC in 
the RSSCT. The simulated EBCT was set at 10 min (this corresponds to a bench-scale EBCT of 
1.55 rnin) for two parallel RSSCTs that received filtered water from Fayetteville taken on 
9/24/96 (two weeks after Humcane Fran). The average TOC and W254 of this feed over 14 days 
of the RSSCT were 4.4 mg/L and 0.093 cm-I (absorbance divided by cell path length), 
respectively. The GAC used in both tests was Calgon TOG. Analysis of the feed water to the 
GAC columns showed a significant bacterial number (about 30,000 CFU per mL) as may be 
expected of settled-cartridge filtered water before addition of chlorine. Irradiation of the influent 
of one GAC column with an in-line UV light source inactivated nearly all of the bacteria as 
shown in Figure 7. 

Although inactivation was nearly complete, CFU in effluent of the GAC column pretreated with 
UV indicate that bacterial regrowth had occurred (Figure 8) over the 14 days of testing. In fact, 
the CFU were about the same in the effluents with and without pretreatment by W irradiation. 
In other words, the substrate (NOM) was sufficient to produce microbial growth in an EBCT of 
only 1.55 min even after most of the incoming bacteria had been inactivated (see Table 1. Also 
interesting is the fact that without W irradiation, the CFU in the effluent were for most samples 
somewhat less than in the influent. The pattern of effluent CFU could be due to the net effect of 
a number of different processes including removal of bacteria by filtration, growth of bacteria 
within the GAC bed and detachment of bacteria from the GAC surface (a dynamic process). 

The question of most importance is whether microbial activity influenced TOC removal. This 
cannot be answered directly because regrowth of bacteria occurred even after UV irradiation. 
Nevertheless, the fact that seed bacteria for growth had been largely eliminated before the GAC 
in the UV irradiated column may have given rise to some difference in removal by GAC if 
microbial activity was important. The TOC breakthrough curves with and without W 
irradiation of the feed are compared in Figure 9. The effluent TOC reached almost 100% of the 
influent TOC for both columns at the end of 14 days. The fact that' breakthrough was nearly 
complete indicated that biological activity was not responsible for a significant amount of TOC 
removal. Thus, it does not appear that microbial activity leads to significant TOC removal in 14 
days of operation. The extent of colonization of the GAC may have been limited. In addition, an 
EBCT of 1.55 min is very short to produce significant biodegradation given that NOM 
biodegrades very slowly. From microbial energetics considerations, 20,000 CFUIrnL as was 
found in the column effluent could be reached with utilization of only about 0.1 mg/L TOC; this 
is too low to be measured by the TOC analyzer. The estimate was obtained by noting that each 
cell contains about 2x10''~ mg of carbon (Gaudy and Gaudy, 1980) and a typical yield coefficient 
is 0.5. A longer EBCT would be needed to give more microbial growth and a measureable TOC 
removal after adsorption capacity had been exhausted. 



Figure 7. Plate counts in the feed to RSSCTs for Fayetteville (9124196) with and without UV irradiation 
(Calgon TOG carbon and EBCTFS = 10 min) 

W pretreated feed 

Untreated feed 

Time (days) 





9 
l-l 



The shape of the breakthrough curves in Figure 9 is very typical of expectations from the 
literature. Given the time scaling factor of 6.4 (Table I), 50% breakthrough would correspond to 
about 13 days of service. The short period is due to the poor adsorption capacity of Calgon TOG 
carbon compared to Calgon F400, a point that will be discussed further. 

Although the results will not be presented graphically here, an attempt was made to inhibit 
microbial activity on GAC by addition of sodium azide (NaN3) to the feed solution of one of two 
RSSCTs operating in parallel. In contrast to UV irradiation, addition of sodium azide would 
ensure that inactivation persisted throughout the GAC column. Unfortunately, we found that 5 
mg/L of sodium azide was insufficient to inactivate bacteria. Plate counts varied in the effluent 
from 5,600 to 160,000 per mL in the presence of sodium azide and from 3,900 to 221,000 per 
mL in its absence. In fact, the literature would suggest that sodium azide concentrations on the 
order of 1-5 g/L may be needed. This is impractical for continuous flow study such as the 
RS SCT without special precautions for treating the effluent before discharge. 

Both the UV irradiation and sodium azide experiment showed that elimination of microbial 
activity would be very difficult to achieve in an RSSCT. However, the impact on breakthrough 
of NOM is not yet clear, especially for longer observation times as would be true when 
simulating an EBCT of 20 min. 

CORRELATION OF TOC WITH UVzsl ABSORBANCE 

The EPA ICR requires that both TOC and be measured. Both are surrogates for NOM but 
perhaps it is less well appreciated that W 2 5 4  is a measure of the aromatic groups within NOM 
whereas TOC is a measure of all organic matter (Krasner et al., 1996). The 'LN254:TOC ratio is 
one common way to characterize NOM. While the value of this ratio should be constant in the 
feed to the GAC in the RSSCT, the ratio in the exit stream could be lower at early breakthrough 
times owing to preferential adsorption of aromatic structural components. This is one benefit of 
measuring both surrogates. The W254:TOC ratios are summarized in Table 3 for five feed 
samples where both surrogates were measured. Although these simples were taken at different 
times of year and from three different locations, the UVZS4:TOC ratio was remarkably constant. 

Table 3. Analysis of UV254:TOC Ratio in RSSCTs 

Average Average Average 
Feed TOC Feed UV254 UV25a/TOC 
(ma) cm-l mg /a-cm) 

Durham 8/2 1/96 2.8 0.057 0.020 
Fayetteville 9/24/96 4.4 0.093 0.02 1 
Durham 10/18/96 3.2 0.068 0.02 1 
Raleigh 12/5/96 3.7 0.075 0.020 
Raleigh 3/3 1/97 2.6 0.05 1 0.020 



As a point of comparison, Black et al. (1996) calculated from the data of Singer and Chang 
(1989) a linear correlation between UV254 and TOC for samples taken from 12 water treatment 
plants in Indiana, Delaware, Virginia, North Carolina (Monroe, and Wilmington), South Carolina 
and Florida. Their correlation equation is: 

UV,,, = 0.0248 x TOC - 0.0 189 (1 6) 

Accordingly, the UV254:TOC ratio (0.0248) compares very well with those in Table 3 (0.02). 
The breakthrough curves for these five samples will be discussed in a later section. However, it 
is instructive here to point out the strong and consistent correlation obtained between UV254 and 
TOC for all GAC effluent measurements. Of the two EBCTs simulated in the RSSCT, the more 
complete sets of data are available for an EBCT of 10 min. For the longer EBCT, breakthrough 
was slower (as should be expected) and thus the breakthrough was less complete at termination 
of the experiment. 

The UV254-TOC correlations are presented in Figures 10-12 for two different types of activated 
carbon tested (Calgon TOG and Calgon F400) and three different test waters. Figures 10 and 11 
are the correlations for samples taken in Durham and Fayetteville, respectively, when Calgon 
TOG was used. These were RSSCTs in which the effect of microbial activity was investigated as 
discussed in the previous section. The results are presented with TOC as dependent variable and 
UV254 as the independent variable because here we wish to emphasize the utility of a strong 
correlation in easing the analytical burden. That is, UV254 is a much simpler and quicker 
measurement than TOC. Thus, if confidence exists in a correlation between the two parameters, 
then TOC could be calculated from the W254 measurements. A single, linear correlation 
equation was reasonable to fit for both sets of data in each of Figures 10 and 11. It further 
emphasized the fact that pretreating the water to prevent microbial growth on the GAC (either by 
addition of sodium azide or irradiation with UV light) was ineffective. The linear correlations in 
Figures 10 and 11 were very similar and both have R~ values exceeding 0.9. A linear 
relationship is somewhat unexpected. If aromatic structures were adsorbed better than the all 
other NOM fractions, we would expect that the W254:TOC ratio would be lower for lower TOC 
concentrations corresponding to the early stages of breakthrough which would have produced a 
non linear correlation. The inverse of the slope given in each figure is the W254:TOC ratio. 
These values are 0.0182 (Durham) and 0.0186 (Fayetteville), both of which are slightly lower 
than the UV254:TOC ratio in the feed of about 0.020 (Table 3) and may suggest a continual 
preferential adsorption of aromatic structures over the entire breakthrough curve, rather than only 
at the beginning. 

The results of three different RSSCTs with Calgon F400 carbon and two test waters (Durham 
and Raleigh) are given in Figure 12. A single, linear correlation between TOC-and UV254 is 
shown for all three data sets. That is, no seasonal difference was observed in comparing results 
from Raleigh (early December vs. late March sampling) and no difference was observed between 
samples from Raleigh and Durham. The slope of the correlation was 61.4 in contrast to 55.1 and 







Figure 12. Wm-TOC correlation for RSSCT effluent data from Durham (1 011 8/96) and Raleigh 
(1215196 and 313 1197) samples (Calgon F400 carbon and EBCTFS = 10 min) 
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53.7 (all in units of L-crnlmg) in Figures 10 and 11, respectively. Expressing the inverse of this 
slope gives a m254:TOC ratio of 0.0163 which is again lower than the ratio in the feed. As 
noted above, a lower ratio in the effluent suggests a preferential adsorption of aromatic structures 
that persists throughout the period of observing the breakthrough curve. This will be discussed 
in more detail later (see Comparison of UV254 and TOC Breakthrough Behavior). The important 
point, however, is that UV254 could provide a useful estimator of TOC concentration for 
RSSCTs. 

IMPORTANCE OF GAC SELECTION ON RSSCT RESULTS 

The EPA ICR laboratory manual states that a representative sample of the GAC stock intended 
for full-scale installation, e.g., Calgon F400 in 12x40 U.S. standard mesh fraction, be ground and 
sieved to the appropriate size for use in the RSSCT. Grinding (either by mortar and pestle or by 
a ball mill crusher) and sieving are laborious tasks which have been a deterrent to water utilities 
that wish to conduct their own RSSCT. 

We explored an alternative to eliminate excessive carbon preparation time which involved use of 
Calgon TOG carbon. This carbon is available in the 80x325 U.S. standard mesh size with a very 
large percentage being in the 80x100 size needed for the RSSCT. The preparation time was only 
a fraction of that for the mortar and pestle technique and substantially less than the ball mill 
crushing technique. In addition, the washing procedure was far simpler because almost all fines 
had been already removed by the manufacturer. In our preliminary experiments with the RSSCT 
set up, we also noted that pressure drop due to head loss build in the column did not occur as had 
been observed with crushing and sieving of the Calgon F400 carbon. A set of breakthrough 
curves generated with the Calgon TOG carbon and Fayetteville test water was discussed above 
(see Figure 9). However, the question remained as to whether the breakthrough curves generated 
in the RSSCT using the Calgon TOG would be equivalent to those using the crushed Calgon 
F400 carbon. 

Two RSSCTs were set up in parallel with one containing Calgon TOG and the other Calgon 
F400 of the same sieve size fraction (80x100 U. S. standard). The resulting breakthrough curves - 
generated with a sample from Durham (10118196) are given in Figure 13. The increase in 
effluent TOC concentration is much faster in RSSCT with the Calgon TOG than Calgon F400 
carbon. The time to reach the same TOC in the effluent was twice as long for the Calgon F400 
than for Calgon TOG carbon. These results emphasized the importance of selecting the same 
type of GAC for both the RSSCT and full-scale design. 

The specific throughput is defined here as the ratio of volume of water treated (flow rate x time 
of operation) to approximately 50% breakthrough to the weight of GAC in the bed. The larger 
the specific throughput, the more efficient is the GAC. It was also necessary to account for the 





difference in apparent density between the Calgon TOG (0.58 &m3) and for the Calgon F400 
(0.48 g/cm3). The specific throughput values and prediction of breakthrough time (to 50% of the 
feed TOC) are summarized in Table 4. 

Although not required in the EPA ICR, the adsorption equilibrium (or adsorption isotherm) test 
provides a method to estimate the adsorbability of NOM in the dynamic RSSCT. The difference 
in breakthrough curves between the Calgon F400 and TOG carbons can be readily explained by 
this rather simple test. Adsorption isotherms were determined on a test water from Raleigh taken 
on 12/05/96 and the results are presented in Figure 14. Because the samples were filtered 
through a 0.45 pm filter before analyses, the term "dissolved organic carbon (DOC)" is used to 
describe the results. Practically speaking, there is little difference between TOC and DOC unless 
the sample would contain colloidal organic material. 

Table 4. Comparison of Specific Throughput for RSSCTs Using Calgon TOG and Calgon F400 
Carbon (80x100 U.S. Standard Sieve Fraction) and Durham Water (10118/96) with a Simulated 
EBCT of 10 min 

Average influent GAC type Time to reach 50 % feed Specific 
TOC concentration Throughput to 50% 

concentration 
(days) 

feed concentration 

( m g U  Olg) 

Bench-scale ~ull-scale1 
3.2 TOG 4 26 6.7 
3.2 F 400 8 5 1 16.4 

1 Scale up factor = 6.4 (see Table 1) 

The adsorptive capacity is given in Figure 14 on a logarithmic scale. Thus, Calgon F400 has an 
adsorptive capacity of more than twice Calgon TOG in the range of the feed concentration to the 
RSSCT, which is the concentration that determines the breakthrough time. As will be shown 
later, the adsorbability of all three test waters (Durham, Fayetteville and Raleigh) are very 
similar. Thus, it is reasonable to use the data presented in Figure 14 to interpret the breakthrough 
curves in Figure 13 that were generated with a test water from Durham. Given an adsorbability 
difference of about two from the isotherms, it is very reasonable to expect the breakthough times 
to also differ by a factor of two. That is, a simple equilibrium adsorption model to estimate 
breakthrough time is given by: 

- - mass adsorbed 
tBT =- 

QC, mass fed per unit time 



Figure 14. Comparison of Adsorption isotherms for Raleigh (12105196) sample using pulverized Calgon 
TOG and Calgon F400 carbons 
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where W is the mass of GAC in the column and Q is the flow rate. In this model, complete 
breakthrough occurs instantaneously in contrast to the case of mass-transfer limited adsorption. 

Also of interest in Figure 14 is the fit to the Freundlich equation. As noted in Experimental 
Methods, the Freundlich equation is widely used to represent adsorption isotherms but it fails to 
describe data when a mixture of sorbates (e.g., NOM) is present. The sharp rise in adsorptive 
capacity at higher fluid phase concentrations is due to the presence of a more strongly adsorbed 
component(s) which is only detectable at low adsorbent dosages. The two data points 
representing the highest q values were excluded when fitting the Freundlich equation. The KF 
value is the amount adsorbed when the liquid phase concentration is 1 mg/L; at this 
concentration, the adsorption capacity of Calgon F400 is about 50% more than Calgon TOG. 

COMPARISON OF UV254 AND TOC BREAKTHROUGH BEHAVIOR 

The feed and breakthrough curves for W254 and TOC for the Raleigh 12/05/96 sample are 
shown in Figure 15 (EBCT =10 min) and Figure 16 (EBCT = 20 min). The feed data show a 
very constant condition as measured by either parameter which is essential for proper 
interpretation of the RSSCT; this was typical of all experiments. The breakthrough of TOC was 
earlier than of m254 at both EBCTs. A preferential adsorption of aromatic NOM structures, as 
represented by m254r is suggested. This may be important if the reaction to form chlorinated 
DBPs would be different for aromatic structures of NOM than for aliphatic structures. As noted 
earlier, a reasonably good linear correlation was obtained between UVzs4 and TOC in the effluent 
samples (see Figures 10-12) which makes possible an approximaion of TOC by UV254 
measurements. However, the use of this correlation does not answer the question of whether the 
breakthrough curve of simulated distribution system DBPs, which is the most important outcome 
of the RSSCT, could also be predicted. To answer this question would require measurements of 
DBPs and correlation with either TOC or m254. 

SIMULATION OF FULL-SCALE BREAKTHROUGH CURVES FROM RSSCT 

The actual observation periods of breakthrough presented in Figures 15 and 16 from the RSSCT 
of the Raleigh 12/05/96 sample are typical of all the RSSCTs in this research. For a simulated 
EBCT of 10 min, 15 to 20 days were needed to achieve nearly complete breakthrough and for a 
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Figure 16. TOC and UVm in the feed and corresponding breakthrough curves for the Raleigh (12105196) 
sample with an EBCTFS =20 min 
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simulated EBCT of 20 min, about 30 days were needed. As shown in Table 1, the breakthrough 
curve at full-scale is obtained by multiplying the observed time for each effluent concentration by 
6.4. A comparison of simulated TOC breakthrough curves at EBCTs of 10 and 20 rnin for the 
Raleigh 12/05/96 sample is given in Figure 17. As expected, doubling the EBCT lengthens the 
time to breakthrough significantly. This is clear even from the simple equilibrium adsorption 
model of breakthrough presented as Equation 19 where doubling the weight of GAC in the 
column (corresponding to doubling the EBCT) would double the breakthrough time. 

Mass transfer controlled breakthrough is always observed in practice. That is, effluent TOC rises 
slowly to the feed concentration rather than instantaneously as would be true for equilibrium 
controlled adsorption. The assumption of constant pattern adsorption is used as a simplification 
to project TOC-time patterns for any EBCT. According to this model, the time to reach a given 
concentration at a new EBCT (e.g., at 20 rnin) is proportional to the ratio of the new-to-original 
EBCT or a factor of two in this case. The breakthrough curves in Figure 17 can be analyzed to 
determine if the constant wave pattern is a useful predictor. For example, if the time to reach an 
effluent TOC of 1 mg/L were of interest to prevent excessive formation of DBPs, the service 
times from Figure 17 would be about 42 days at an EBCT of 10 rnin and about 110 days at an 
EBCT of 20 min. Thus service time increases by a factor of 2.5 rather than 2 as expected. The 
same comparison of TOC breakthrough curves is presented in Figure 18 for the Fayetteville 
1/09/97 sample and in Figure 19 for the Raleigh 3/31/97 sample. Again, increasing the EBCT 
from 10 to 20 min more than doubles the time to reach any effluent TOC. For example, if 1 
mg/L TOC was the criterion for service time at Fayetteville, it would be reached in about 75 days 
at an EBCT of 10 rnin but in 175 days at an EBCT of 20 min. More detailed process analysis 
would be needed to determine why the constant wave pattern assumption is not a better predictor. 
One possibility is that microbial activity at the longer EBCT removes TOC by biodegradation. It 
is important to note that the actual EBCT increased from 1.55 to 3.1 min in order to simulate a 
full-scale EBCT of 20 rnin and this may have been enough to allow for more effective 
biodegradation. Another possibility is that constant wave pattern was not established at the 
shorted EBCT. 

Breakthrough behavior can also be analyzed by calculating the number of bed volumes that can 
be treated. Bed volumes fed (BVF) is given by: 

Q t t BVF=-=- 
V, EBCT 

where VB is the volume of one bed and t is the time to reach any particular effluent TOC. If 
constant wave pattern adsorption occurs, then "t" would increase in direct proportion to EBCT 
and BVF should be same. Thus, BVF is a useful way to normalize breakthrough curves for 
EBCT, provided that the constant wave pattern assumption holds. The three sets of breakthrough 
curves that were presented above for Raleigh (two different sampling dates) and Fayetteville 
were normalized by plotting TOC against BVF and are given in Figures 20-22. The BVF to a 
specified effluent TOC is somewhat greater at an EBCT of 20 min than at 10 rnin. Although 















difficult to quantify, there would appear to be somewhat more efficient treatment at the longer 
EBCT. Whether this increase in efficiency (lower operational cost due to less frequent 
regeneration of GAC) is worth the increase in capital cost would need to be determined. 

SEASONAL AND SPATIAL VARIABILITY IN NOM EQUILIBRIUM ADSORPTION 

As noted earlier, a test of equilibrium adsorption is not required in the ICR. However, this test 
can yield valuable information for interpretation of breakthrough curves in the RSSCT. If DOC 
adsorbability (where DOC is the surrogate for NOM) was found not to vary significantly among 
utilities, we would be able to estimate the breakthrough curve at other utilities thereby saving 
time and money. Equally important, if adsorbability was found not to vary seasonally, we could 
estimate breakthrough curves at different seasons (as required by the ICR) from one RSSCT. To 
use the adsorption equilibrium data for such estimates, we would also need to account for 
differences in feed TOC from utility to utility and from season to season; this point will be 
discussed in the next section (Seasonal and Spatial Variability in Breakthrough Behavior). 

The term "DOC isotherm" is commonly used to described the adsorption equilibrium 
relationship obtained at a constant temperature (in this research, laboratory room temperature 
was about 22°C). For the DOC isotherms reported here, the adsorbent was Calgon F400 
activated carbon that was crushed to 200x325 U.S. Standard sieve fraction and then referred to as 
powdered activated carbon (PAC). The project scope did not permit construction of DOC 
isotherms for each season at each water utility. However, some useful comparisons still 
emerged. 

A single, linear regression line to fit the Freundlich equation (see Equation 7) was used to 
approximate the adsorption isotherm data for all three water utilities shown in Figure 23; a KF of 
44.7 mglg and n of 0.86 were determined. Although the isotherms were quite similar as 
indicated by the R~ value (0.82), much more data would be needed before spatial variability 
could be eliminated. Variability is usually reflected in the KF valie more than in n value. The 
Fayetteville data were also isolated from Figure 23 and appear in Figure 24. The difference in 
best-fit value of n between the Fayetteville data and lumping all three data sets together is not 
very significant. The effect of seasonal changes in water quality on adsorption could only be 
analyzed for Raleigh data (late fall vs. late winter). The results in Figure 25 suggest that seasonal 
variation may be important but more data are needed to make a stronger conclusion. A later 
section will deal with fitting of breakthrough curves with the logistic function for which only the 
n value from Figure 23 was used. 









SEASONAL AND SPATIAL VARIABILITY IN BREAKTHROUGH BEHAVIOR 

RSSCTs for the Raleigh (12/05/96 and 3/31/97) and Durham (10/18/96 and 6/3/97) supplies 
allowed investigation of seasonal variations in breakthrough behavior. The scaled-up 
breakthrough curves for EBCTs of 10 and 20 rnin and the two Raleigh sets of RSSCTs are 
presented in Figure 26. The pattern of TOC breakthrough was similar at both EBCTs although 
the effluent TOCs were higher from the 12/05/96 sample than for the 3/31/97 sample. l g h e r  
TOCs should be expected on 12/05/96 because the feed TOC was considerably higher (3.7 vs. 
2.6 mg/L). 

Normalization of the breakthrough curves to account for differences in feed TOC is useful. That 
is, by dividing the effluent TOC by the average feed TOC concentration (C,), the breakthrough 
fractional concentration (C/C,) will approach 1.0 as the adsorptive capacity becomes exhausted. 
Daily measurements of feed TOC were available as illustrated earlier in Figure 15 and these were 
used to obtain an average; the variability was usually less than 10 percent of the average. The 
equilibrium adsorption isotherm for the Raleigh water (Figure 24) did not reveal a large 
difference in adsorbability between the two feed TOCs being compared. Thus, we would expect 
these normalized breakthrough curves to coincide if the effect of feed TOC on mass transfer is 
also minor. In fact, the results in Figure 26 confirm that the breakthrough curves for the two 
Raleigh samples at an EBCT of either 10 or 20 min were very similar when C/C, is plotted 
against time. However, the results (both with an EBCT of 10 rnin) for two Durham samples 
taken on 10/18/96 and 6/3/97 do not show as strong a similarity. Unfortunately, adsorption 
isotherms were not available for either sample to determine if differences in adsorbability could 
explain these results. 

The generalized logistic function, as proposed by Clark (1987), provides a very practical way to 
interpret the results of RSSCTs. This function derives from mathematical analysis of mass 
transfer in a fixed bed of adsorbent. In its final form, this function can be used to breakthrough 
curves according to: 

where C, is the feed TOC to the GAC bed, N is the Freundlich constant (equal to lln from 
Equation 7) and A and r are process constants. Close inspection of the logistic model will show 
that both A and r are determined by a combination of the mass transfer coefficient; water velocity 
(and thus EBCT) and the Freundlich parameter, N. In addition, A is further determined by the 
initial breakthrough time (first appearance of solute in the effluent). To determine each of these 
parameters would require additional experimentation that is of questionable value given the 
overly simplistic nature of the model to describe adsorption. Nonetheless, the logistic function 
has some practical value as discussed below. 





Figure 27. Seasonal variations in predicted TOC breakthrough behavior for Durham 
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If C, is constant (a reasonable assumption in the RSSCT), then Equation 21 can be written more 
simply as: 

According to this model, the same normalized breakthrough curve (C/Co vs. t) would be 
obtained if N, A and r are constants but C, were different. Figures 28 and 29 are compilations of 
all normalized breakthrough curves (all utilities and all seasons) at an EBCT of 10 rnin and 20 
rnin, respectively. The corresponding average feed TOCs are given in Table 5. The temporal 
and seasonal variations in breakthrough shown in both of these figures are too great to suggest 
one set of constants for the logistic function can describe all the data. Thus, one or more of the 
model constants must be different. As a subset of these data, the temporal variability in the 
Raleigh data is small and may justify use of a single set of constants. 

GENERALIZATION OF BREAKTHROUGH CURVES WITH LOGISTIC FUNCTION 

The logistic function was used in an empirical way to find the best values of r and A to describe 
each of the breakthrough curves obtained in the RSSCTs. The goal was to quantify the 
variability in breakthrough behavior from utility to utility and season to season. A simple 
manipulation of Equation 22 gives the following alternative form for model testing: 

The value of N was taken as lln from the fit of the Freundlich model to all of the adsorption 
isotherms for the three utilities (see Figure 23); thus, N= 110.86 or 1.16. The C-t data generated 
from each breakthrough curve were then used to test the linear form of the logistic function by 
plotting the right-hand side of Equation 23 against t to yield a negative slope that gives "r" and an 
intercept that gives "A". Examples of the resulting fits for two sets of RSSCT data (Raleigh 
12/05/96 and Fayetteville 1/09/97) are given in Figures 30 and 3 1. 





Figure 29. Comparison of predicted TOC breakthrough behavior between two utilities and for two seasons at EBCT=20 min 
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Figure 30. Logistic hnction fit to Raleigh (12105196) RSSCT data for full-scale prediction 
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Table 5. Average Feed TOC Concentrations for Each RSSCT 

Water Date ~ v & g e  Feed TOC standard 
Utility Sampled mg/L ~evia t ion '  
Durham 101 1 8/96 3.4 
Durham 6/03/97 2.5 
Raleigh 12/05/96 3.7 
Raleigh 313 1/97 2.6 
Favetteville 1/09/97 2.2 
1 Samples taken daily over RSSCT (from 15 to 35 days of observation) 

A summary of all r and A values is given in Table 6. A mean and standard deviation were found 
for A and r for each of the two EBCTs and these are given in the last row. The logistic function 
fit the data fairly well with R2 ranging from 0.77 to 0.92. The average r and A values for each 
utility are listed in Table 7 along with those obtained by Clark (1987) in pilot plant testing of 
GAC at Jefferson Parish, La. Clark (1987) found from pilot plant studies that r decreased and A 
increased exponentially with EBCT according to: r = o.o~(EBcT)-'.~~ and A = o . o ~ ~ ( E B c T ) ~ . . ~ ~ .  
While the r values are similar in both studies, the A values obtained by Clark are about 40 times 
larger. It should be noted that the value of r decreases by about 50% when EBCT increased from 
10 to 20 rnin. This is reasonable because r is proportional to the velocity of the adsorption zone 
and for a fixed length of bed, this will decrease by 50% if the EBCT is increased by decreasing 
the water velocity. 

Table 6. Summary of Logistic Function Fit to RSSCT Breakthrough Curves 

Utility Date EBCT 
10 rnin 20 min 

r A R~ r A R~ 
Raleigh 12/05/96 0.024 0.752 0.81 0.016 1.335 0.77 
Raleigh 313 1/97 0.022 0.579 0.92 0.013 0.978 0.90 
Fayetteville 1/09/97 0.020 0.846 0.91 0.009' 1.095 0.84 
Durham 1011 8/96 0.03 1 1 .053 0.84 
Durham 6/3/97 0.017 0.72 1 0.87 
Average r and A for 0.023 0.790 0.012 1.136 
each EBCT 
Standard Deviation 0.005 0.175 0.004 0.182 



Table 7. Average r and A Values for Each Utility 

Utility EBCT = 10 min EBCT = 20 min 
Average r Average A Average r Average A 

Durham, NC' 0.024 0.887 
Raleigh, NC' 0.023 0.666 0.014 1.157 
Fayetteville, NC' 0.020 0.846 0.009 1 .095 
Jefferson Parish, La 0.026 17.01 0.019 43.37 
(Clark, 1987) 
'TWO sets of RSSCTs; 'one set of RSSCTs 

All of the breakthrough curves fit by the logistic function are presented in Figure 32 (EBCT = 10 
min) and Figure 33 (EBCT = 20 min). Despite the small variation in r at each EBCT, the 
variation in A among utilities is sufficiently large to give a rather large spread in the 
breakthrough curves. The average values of r and A were used to generate the normalized, 
average breakthrough curves shown in these same figures. Whether this average breakthrough 
curve has practical significance depends on the accuracy with which a service time is to be 
calculated for a given utility. A very rough estimate of breakthrough time to any concentration 
for a specific EBCT (10 or 20 min) could be computed by multiplying the fractional 
concentration in the appropriate figure by the specific value of C, for a particular water utility. 

The logistic function should not be considered a mechanistic predictive tool. Much more data 
would be needed to determine how r and A change seasonally or from utility to utility. It is 
mainly intended here as a convenient way to smooth the RSSCT data for projection of a service 
time based on a specific TOC not to be exceeded in the effluent. The time to reach any effluent 
TOC can be calculated from the following rearrangement of Equation 23. 

As an example, the service time to reach 1 m g L  of TOC was calculated from each logistic 
function fit to the breakthrough curves generated from the RSSCT takmg account also of the feed 
TOC concentrations (C,) in each case. A summary of service times is given as Table 8. These 
results show the dependency, of service time on EBCT and feed concentration. Constant wave 
pattern adsorption would suggest that service time should increase by a factor of about two when 
EBCT is doubled. The largest exception is Fayetteville where service time was increased by a 
factor far larger than 2; no clear explanation is possible without more study (e.g., microbial 
degradation may have been responsible). Service time should also increase as feed concentration 







decreases. If adsorption capacity based on equilibrium were unchanged, service time would 
double when feed TOC is decreased by 50%. However, the relationship is not so direct owing to 
the simultaneous decrease in equilibrium adsorption that accompanies a decrease in feed TOC. 
In summary, the resulting constants, r and A, from the logistic function could be used for each 
utility together with any feed TOC and Equation 23 to estimate service time based on any 
effluent TOC criterion. 

Table 8. Estimate of Service Time to Reach an Effluent TOC of 1 mg/L for Each Utility Based 
on Logistic Function Fit to RSSCT ~ a t a '  

Utility Date CO Days to Reach 
TOC = 1 mg/L 

(mg/L) in ~ffluent '  

EBCT =10 min EBCT = 20 min 
Raleigh 12/05/96 3.7 48 107 
Raleigh 3/31/97 2.5 58 137 
Fayetteville 1/09/97 2.2 90 246 
Durham 10/18/96 3.4 51 NA 
Durham 6/3/97 2.5 91 NA 

ESTIMATION OF 50 % BREAKTHROUGH 

The EPA ICR Laboratory Manual (Westrick and Allgeier, 1996) includes a method to estimate 
the bed volumes fed to 50% breakthrough from the following empirical equation fit to data from 
a number of RSSCTs: 

After substitution of the definition of BVF from Equation 20, the service time estimate is given 
by: 

The service time to 50% breakthrough was obtained from the logistic function (Equation 24) fit 
to the RSSCT data (see Table 6 for r and A values needed) and compared to the estimate from 
Equation 26. The results in Table 9 indicate that the EPA ICR recommended equation 



underestimated the service time by a factor of two to three. This equation should therefore be 
used cautiously. The results suggest that NOM from water supplies in Durham, Fayetteville and 
Raleigh is more strongly adsorbed than from water supplies included in the data base upon which 
the equation was empirically obtained. 

Table 9. Comparison of Service Times to 50% TOC Breakthrough by Logistic Function Fit to 
RSSCT Data and by Empirical Equation Provided in the EPA ICR Laboratory Manual (Westrick 
and Allgeier, 1996) 

Utility Date CO Days to Reach 
50% of Feed 

( m a )  
EBCT =10 rnin EBCT = 20 min 

Data fit to EPA ICR Data fit to EPA ICR 
Logistic Equation Logistic Equation 
Function Function 

Raleigh 12/05/96 3.7 77 27 151 54 
Raleigh 3/31/97 2.5 73 44 163 88 
Fayetteville 1/09/97 2.2 97 55 26 1 110 
Durham 10/18/96 3.4 71 3 1 NA 61 
Durham 6/3/97 2.5 109 46 NA 92 



RESULTS OF BENCH-SCALE NANOFILTRATION MEMBRANE TESTING 

SAMPLE VOLUME REQUIREMENTS OF BENCH-SCALE TESTING 

The volume of water that is required to conduct bench-scale membrane testing impacts the 
practicality of off-site testing programs, e.g., at a private or university laboratory. We compared 
the sample volume required to conduct the RBSMT with those for the batch recycle membrane 
test (BaReMT) and the batch internal recycle test (BaIReMT). As described in the Methods and 
Materials section, these two batch tests differ only in the way that percent recovery is simulated 
but this directly impacts the volume of sample required to conduct the test. 

The RBSMT requires a continuous flow of test water (see schematic in Figure 3). It is necessary 
to hold constant cross-flow velocity constant in all experiments to make comparisons of flux 
decline and fouling. Therefore, the membrane feed flow rate, Qmf , must be held constant. Water 
recovery is simulated by recycling a portion of the concentrate while maintaining Qd constant. 
The balance on flow rates is : 

Q s .  + QR = Qmf = constant (27) 

where Qsf is the system flow rate from the feed tank to the membrane and QR is the recycle flow 
rate of concentrate. Fractional system recovery, Rs, is defined by: 

where Qp is the permeate flow rate. The membrane element recovery, R,,, is given by: 

The typical range of Rme is 0.05 to 0.15. Substitution of Equation 29 into 28 gives 

Noting that Qmf and Rme are constants, Rs is controlled by Qsf. Accordingly, to increase recovery 
would require that Qsf decrease and correspondingly QR increase to maintain Qd as constant. 



The sample volume for the BaReMT also depends on the simulated system percent recovery but 
for a different reason than in the RBSMT. A schematic of the batch recycle test was given in 
Figure 4; both the permeate and concentrate flows are returned to the batch recycle feed tank. To 
simulate a specific system recovery, the TOC concentration in the sample water is increased to 
reach the membrane feed TOC of the full-scale system that would correspond to a location in 
membrane staging with same system recovery. This is done by preconcentration of TOC in an 
RO bench-scale unit (see Figure 5). The initial volume of sample water needed, V,, was given 
earlier by: 

where Vf is the final volume desired in the batch feed tank for the test and the corresponding feed 
concentration of TOC, Cmf , that corresponds to the desired fractional recovery is determined by: 

Q p  + ~ f  - R . " P [ ~ - & )  c,, = c,- 
Qmf Rs 1 - Rs 

The procedure for calculating Cmt was described in the Materials and Methods section. 

Unlike the RBSMT, membrane recovery does not affect the volume requirement for simulation 
of any system percent recovery in the BaReMT. This is because both permeate flow and 
concentrate flow are returned to the feed tank so that permeate flux (which determines 
membrane recovery) will not affect the volume requirement. 

The volume requirements for the BaIReMT (see schematic in Figure 6) are dependent only upon 
the size of the batch feed because it is not necessary to preconcentrate the sample to simulate 
recovery. Instead, recovery is simulated by recycling the concentrate stream in the same way as 
in the RBSMT. 

A summary of sample volumes for the three bench-scale tests is provide in Table 10. These 
volumes are based on the need to simulate 30, 50,70 and 90 percent system recovery as is 
required in the ICR test protocol. For either mode of batch testing, the volumes were based on 
replacing the batch volume after 3 days before conducting a second test to determine the 
effectiveness of membrane cleaning. It should be noted that the ICR requires that flux decline be 
measured over shorter periods. For illustrative purposes, a batch volume of 15 L was based on 
results of our research that showed it sufficient to overcome concerns about flux decline being 
artificially limited by the amount of foulant present in the batch. Also for illustrative purposes, 
an element fractional recovery of 0.10 was selected in calculations of the volume needed for the 



RBSM3'. For membranes with higher water flux, and thus higher recovery, the volume 
requirements would increase. 

The results in Table 10 show that sample volume increases in the RBSMT as the simulated 
system percent recovery decreases because less of the system feed is recycled. The RBSMT will 
require a very large volume of water (763 L) to perform a complete study of flux decline. Given 
that most of the water production is derived from first and second stages in full-scale, it would 
seem logical to focus study of flux decline on the lower percent recoveries but these also require 
the largest sample volumes. The BaReMT requires 262 L which is considerably less than needed 
in the RBSMT. The smaller sample volume as well as simple reactor set-up would imply an 
advantage of the batch recycle test over the RBSMT. Far less volume (120 L) is required for the 
BaTReMT than either the RBSMT or BaReMT. 

Table 10. Sample Volume Needed for Bench-scale Membrane Testing 

Simulated Percent Recovery Volume (L) for Bench-scale Test 
RBSMT BaReMT B aIReMT 

30 323 39 30 
50 194 49 30 
70 138 68 30 
90 - 108 - 107 - 30 
Total 763 262 120 

OVERVIEW OF BENCH SCALE TESTING PROGRAM 

The water utilities sampled and purpose of the bench-scale testing are listed in Table 11. All 
these tests were performed with the Hydranautics NTR-7450 membrane. A new membrane was 
used for each test with a given sample. 

TEST SERIES 1A: COMPARISON OF RBSMT AND BaReMT AT 80% RECOVERY 

Test Series 1A was intended as preliminary to more detailed studies in Test Series 1B and 2. 
Comparisons between flux decline for the RBSMT and two different feed tank volumes (4 and 
15 L) in the BaReMT are given in Figure 34 for samples taken from Fayetteville (1109197). The 
flux measurements are represented here as percent of the original flux after membrane setting 
with ultrapure water. All three tests were conducted to simulate 80% recovery. The extent of 
flux decline (up to 30% in 3 days) is a significant practical and economic concern in 
nanofil tration. 



Table 1 1. Bench-scale Membrane Test Program 

Water Utility Date Purpose of Bench-scale test 
Sampled 
Durham 101 1 8/96 

Fayetteville 1/09/97 

Durham 2120197 

Raleigh 313 1/97 

Durham 4/28/97 

Fayetteville 51 14/97 

Test Series No. 1A: Compare RBSMT and BaReMT 
(4 and 15 L feed tanks) at recovery of 80% 

Test Series No. 1B: Compare RBSMT and BaReMT 
(15 L feed tank) at recoveries of 30 and 80% 

Test Series No. 2: Use BaIReMT (15 L) to compare 
performance of membranes to treat water from 
Durham, Fayetteville and Raleigh 

' ~ i l l i a m s  WTP 
'P. 0 .  Hoffer WTP 
3 ~ .  M. Johnson WTP 

Using Equation 10, and a feed tank TOC of 2.2 mg/L, the membrane feed concentration (Cmt) 
was 6.4 mg/L to simulate a recovery of 80%. The 15-L feed volume gave a pattern of flux 
decline that was very similar to the RBSMT. Flux decline was significantly less using the 4-L 
feed volume which would suggest that foulant could have been limiting as Speth, et al. (1996) 
had reported. 

More detailed comparison of results from Test Series 1A is found in a report by Riddick (1998). 
This includes NOM rejection as measured by TOC and m254 absorbance and detailed 
comparisons of recovery of foulants from the membrane surface. similar results were obtained 
in Test Series 1B and 2 which will be the focus of this report. 

The results from flux decline from RBSMT using the Fayetteville sample (Figure 34) are 
replotted in Figure 35 to show the mass transfer coefficient of water (MTW,) against time. 
MTW, (or specific productivity) derives from the analysis of resistance to filtration as 
represented by a sum of individual resistances in series: 



Figure 34. Comparison of Flux Decline for RBSMT and BaReMT for Fayetteville (1 109197) sample and 80% recovery simulation 
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where Jw is the permeate flux; AP, the transmembrane pressure drop; p, the solution viscosity; 

R,, the inherent membrane resistance; Ra, the resistance due to adsorbed solute species, and Rg, 
the resistance due to solute gel layer formation. In pure-water tests, only R, is measured. The 
inverse of these resistances together with viscosity define the MTC,: 

where J is often expressed in gallons per square foot of membrane per day (gfd) and AP in psi. 
For comparison, the MTC, found in many studies of nanofiltration technology in drinlung water 
is shown as a horizontal line at 0.2 gfd/psi. The water flux is above that considered nominally 
acceptable. While this was generally true for all membrane testing, the flux decline that occurs 
due to membrane fouling is still a major concern unless cleaning is done very frequently, e.g., on 
the order of 200 hours (or about 9 days). 

The mass of TOC recovered from the membrane together with the flux recovery after cleaning 
were used to examine foulant limited flux decline. The cumulative mass of TOC recovered after 
the cleaning process and the corresponding flux recovery are shown in Table 12 for each of two 
sequential flux decline experiments. We see that 0.6-2.1 mg of TOC was recovered from the 
membrane surface in each experiment. These values are in the range observed by Nilson and 
DiGiano (1996) in a batch recycle, hollow fiber nanofiltration test with similar membrane surface 
area treating Tar River (NC) water. If flux decline was limited in the batch recycle tests by the 
amount of NOM present, we would have expected that the mass of TOC recovered would be less 
in the batch recycle test than in the RBSMT. Although the data are limited, the TOC recoveries 
were close enough to prevent a strong inference for NOM-limited flux decline. Yet, it is true that 
the 4-L batch recycle test gave significantly less flux decline than either the 15-L batch recycle 
test or the RBSMT (see Figure 34). Other foulants besides NOM are possible such as microbes 
and particles but these were not measured in this phase of the study. 

Table 12. Effectiveness of Membrane Cleaning in Test Series 1A. 

Bench-scale Test Mass of TOC % Original Flux 
Removed Recovered 

(mg) After Cleaning 
RBSMT First cleaning 1.1 79 

Second cleaning 2.1 73 
15-L BReMT First cleaning 2.0 85 

Second cleaning 1.2 8 1 
4-L BaReMT First cleaning 1.4 105 

Second cleaning; 0.6 99 



TEST SERIES 1B: DETAILED COMPARISON OF RBSMT AND BaReMT 

The results of Test Series 1A suggested that all future batch membrane tests should be conducted 
with a feed volume of 15 L to minimize concern over a foulant limitation that would lead to an 
underestimate of flux decline. Test Series 1B provided a more detailed comparison of the 
RBSMT and BaReMT. Both systems were operated at 30 and 80% system recovery. Durham 
sample characterization data are provided in Table 13. 

Flux Decline during Setting of the Membrane. Before applying test water to the membrane, 
"setting of the membrane had to be done to reach a steady-state flux with ultrapure water. A 
typical flux decline for membrane setting is given in Figure 36. The criterion to establish setting is 
a change in flux of less than 4% in 12 hours and this was obtained. Fu et al. (1994) used the same 
membrane (NTR-7450) &om Hydranautics and found a KC, of 0.106 Um2-hr/kPa (0.43 
gWpsi). Therefore, combining the specific productivity data fiom Fu et al. with the pressure used 
in these experiments (80 psi) would result in a predicted flux of 58 Um2-hr. The experimentally 

Table 13. Water Quality Characteristics in Test Series 1B with Durham (2120197) Sample 

Parameter Location Value 

TOC (mi@) raw water 
settled water1 
settled w a t e r  
settled, filtered wate?" 

PH raw water 
settled water1 

Turbidity (ntu) raw water 
settled water1 

Alkalinity - raw water 
mg/L as CaC03 
Hardness - mg/L raw water 
as CaC03 
1 collected at the effluent-end of the sedimentation basin of the WTP 
2 stored in laboratory refiigerator until use 
3 measurements conducted in our laboratory 
4 settled/stored water filtered through a 5-pm spun-polypropylene cartridge filter 



Figure 36. Typical pattern of flux decline during setting of membrane with ultrapure water feed 
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observed steady-state flux in Figure 36 was about 30 Llm2-hr which yields a MTC, of 0.22 
gfdlpsi in English units. The reasons for a lower than expected flux include variability in 
membrane production, residual foulants in the ultrapure water that was used to conduct the test, 
and differences in setting times between researchers. 

Effect of Percent Recovery on Flux Decline. Figure 37 shows a comparison of permeate flux 
declines for the RBSMT and the BaReMT operated at system recoveries of 30 and 80%. The 
corresponding membrane feed concentrations of TOC (Cd), as calculated from Equation 1 1, 
were 2.8 and 7.1 mg/L for these recoveries of 30 and 80%, respectively. The two times at which 
the membrane was cleaned are denoted in each figure. Each experiment therefore consisted of 
two runs separated by a membrane cleaning, and these will be designated as Run 1 and Run 2. 
The tern "original flux" that is used in the following discussion refers to the initial measurement 
of permeate flux after the first membrane cleaning (i.e., after membrane setting with ultrapure 
water). 

The decline in permeate flux was much greater for operation at 80% than at 30% system 
recovery. This would be expected because of the greater concentration of foulant materials at the 
higher percent recovery. In practical terms, a flux decline of about 15% is the acceptable limit 
before cleaning in full-scale (Mallevialle, Odendaal, and Wiesner 1996). These data show that 
the stage of membrane operation corresponding to 80% system recovery in full-scale operation 
would thus require very frequent cleaning (about every 30 hours). Although less frequent 
cleaning would be needed for stages corresponding to lower percent recovery, the fouling rate is 
still of great concern for surface water treatment of waters like that at Durham, NC. 

After cleaning, the membrane flux was found to increase at both percent system recoveries. This 
would be expected due to removal of foulant material. If flux recovery were complete (100% of 
original flux), the fouling would be considered reversible. In the case of operating at 80% system 
recovery, more foulant was expected on the membrane because of the higher TOC concentration. 
Nearly complete (90% of original flux) recovery was obtained, but this is also evidence for some 
irreversible fouling. Less foulant would be expected at 30% system recovery due to the lower 
feed TOC (C,). After cleaning, flux was 10% in excess of original flux. A 10% increase in flux 
after cleaning could be due to an initially high-pH due to residual of the cleaning solution that 
increases the electrostatic charge repulsion between the negative sulfonated, polysulfone surface 
and opens the polymer matrix of the membrane (Braghetta et al. 1997). 

There is no evidence in Figure 37 that flux decline was systematically less in the BaRehU than 
the RBSMT, as would be true if foulant mass were limiting. Rather, flux decline in the BaReMT 
was sometimes more and at other times less than in the RBSMT, indicating experimental error as 
the cause. Experimental error in measurement of flux decline could be expected given that 





relatively little fouling was observed. Thus, experimental error in measurements of small 
changes in permeate flux could perhaps account for the lack of agreement between the two tests. 
It is also necessary to consider small fluctuations in temperature, pressure, and cross-flow 
velocity that could affect permeate flux, as well as the possible difference in feed composition 
between the two tests. The difference in feed composition could be due to preconcentration of 
the NOM needed in preparing the water for the BaReMT, and could also be due to different 
storage time in the refrigerator for each feed solution. The results indicated that a foulant 
limitation did not occur in the BaReMT and that it could be substituted for the more complex and 
larger volume requirement of the RBSMT in bench-scale testing. 

From a practical point of view, without pilot- or full-scale data, it is not possible to state whether 
the flux decline and flux recovery patterns observed in this study with just two cleanings are 
indicative of a steady-state pattern after many cleaning cycles. A recent comparison of the 
RBSMT with pilot-plant data was made with repeated cleaning of the bench-scale membrane 
over 20 days (Speth et al., 1997). The pilot-plant membrane had been in operation for several 
months before the RBSMT was begun and had reached a steady state pattern of flux decline and 
flux recovery. Even after 20 days with cleaning every 4-5 days, however, the bench-scale system 
had not reached a steady-state flux decline and recovery pattern that was close to the pilot-plant 
data; the trend was toward similarity in flux declines, but still longer bench-scale studies were 
suggested. 

NOM Reiection. As shown in Figure 38, both setups gave high TOC rejections as would be 
expected (upwards of 88% in the RBSMT). The figure also reveals that TOC rejections were 
about 10 to 15% greater in the RBSMT than in the BaReMT for operation at either 30 or 80% 
recovery. Several explanation for a difference are possible: (1) preconcentration of NOM by the 
RO unit before use in the BaReMT could have altered the NOM structure ; (2) NOM fractions 
could have been lost to the RO membrane and (3) less foulant accumulated on the membrane in 
the BaReMT than RBSMT which caused a lower concentration of TOC in the gel layer and thus 
a lower driving force of diffusion across the membrane. 

Allgeier and Summers (1995a) also found an increase in rejection over time that did not level out 
until 40 hours. They indicated that steady-state with respect to solute-solute and solute- 
membrane interactions is needed to establish the mass transfer resistance. Longer term bench- 
scale tests may be necessary to observe steady-state rejection. 

mgher TOC rejection was measured at the higher system recovery which would indicate that no 
loss in treatment effectiveness would accompany more efficient processing of water. Although 
the result can be explained by the sieving mechanism of solute rejection, this would be more 
typical of ultra- than nanofilters. It is likely that nanofiltration behaves somewhere between 
ultrafiltration and reverse osmosis membranes and that rejection is by a combination of sieving 
and solute diffusion, the latter being associated with RO membranes. 



Figure 38. Comparison of TOC rejections for the RBSMT and BaReMT with Durham (2120197) sample 
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Overall, the results showed that membrane treatment is a very effective way to reduce the DBP 
precursor concentration. That is, 80% removal of NOM should reduce DBPs in existing 
treatment by a similar percentage. The extent of removal is probably well above that needed to 
meet future regulations although the production of DBPs in the permeate under simulated 
distribution system conditions would need to be measured to confirm the treatment. 

The correlation between percent rejection of TOC and percent rejection of m254 is given in 
Figure 39. The slope of the best fit line is somewhat greater than 1.0, showing that percent 
rejection of TOC was slightly better than of W254. It would imply that non-aromatic fractions of 
NOM were somewhat better rejected than aromatic structures. However, the difference is not 
considered large enough to be of practical importance if a convenient substitute for measurement 
of TOC in membrane separation is needed. 

Foulant Recovew and Recovery of Flux. Membrane cleaning provided an opportunity to recover 
the mass of TOC that had fouled the membrane during each run. The mass of TOC recovered 
from the membrane was calculated by measuring TOC concentrations and volumes of the 
cleaning solution. Details of these calculations are provided by Arweiler (1997). Table 14 
provides an example for this calculation. The measured mass of TOC will be referred to as that 
"recovered" from the membrane because it is impossible to state that all TOC was removed by 
the cleaning procedure. 

Table 14. Example for Calculating the Total mass of TOC Recovered from the Membrane 
During the Cleaning Procedure 

Step of cleaning Volume (L) TOC (mg/L) Mass of TOC 
procedure recovered (mg) 

Initial Final Initial Final 
First CS 0.97 0.955 0.1 2.0 1.8 

rinse no. 1 0.97 0.965 0.1 0.2 0.1 
rinse no. 2 0.97 0.975 0 0.1 0.1 

Second CS 0.97 0.965 0.1 0.3 0.2 
rinse no. 1 0.97 0.97 0.1 0.1 0 
rinse no. 2 0.97 0.97 0 0 0 

Total mass of TOC recovered 2.2 
CS = cleaning solution 

Mass of TOC recovered from the membrane for each cleaning step is given in the last column. 
This was calculated by subtracting the final mass of TOC (volume x TOC concentration) from 
the initial mass of TOC. The summation of TOC recovered in all steps is given in lower right 
comer of the table. Most of the TOC was recovered with the first cleaning solution and the two 





subsequent rinses, especially by applying the cleaning solution to the surface of the membrane. 
The same tendency was found in all other cleaning cycles (Arweiler, 1997). 

Table 15 is a summary of the mass of TOC recovered in each experiment and the corresponding 
recovery of flux, expressed as "percent of original flux after cleaning". This table also includes 
the mass of TOC originally in the BaReMT and the mass of TOC fed in the RBSMT in order to 
compare to the mass recovered from the membrane. More mass was recovered at the higher 
system percent recovery in both the BaReMT and RBSMT, and this operating condition also 
gave less flux recovery after cleaning. This was expected because the feed concentration to the 
membrane was higher at higher system recovery, which produced greater flux decline (see Figure 
37); thus, more foulant material associated with the membrane. Nevertheless, the mass of TOC 
recovered from the membrane was a very small percentage of that in the feed reservoir of the 
BaReMT and of that fed to the RBSMT (compare columns 4 and 5). 

The last column of Table 15 gives the amount of TOC on the membrane in units of mass of TOC 
recovered from the membrane per unit area. As will be discussed in Test Series No. 2, this small 
mass of TOC can still result in quite a large concentration of foulant next to the membrane 
surface. 

The mass of TOC that adsorbed onto the membrane during each experiment was calculated by a 
TOC mass balance around the system. The adsorbed TOC is compared to the recovered TOC in 
Table 16. The second column shows the initial mass of TOC in the BaReMT or the total mass of 
TOC fed to the RBSMT during each experiment. For the BaReMT, the third column represents 
the mass of TOC remaining in the feed reservoir. Losses in TOC due to removal of volume in 
sampling were included in the mass balance calculations because with only 15 L of initial batch 
volume, this volume was significant. For the RBSMT, the third column represents the mass of 
TOC collected in wasted concentrate and in permeate that left the system. The difference 
between the second and third columns is the mass lost to the membrane surface and this appears 
in the fourth column. For comparison, the mass recovered directly from the membrane during 
cleaning, shown in Table 15, is given again in the last column. There was very poor agreement 
between the two methods of estimating TOC association with the membrane as a result of 
fouling. For instance, a negative mass of TOC (-2 mg) on the membrane was calculated from the 
material balance in the second run of the RBSMT at 80% recovery. The difficulty was in 
measurement by a material balance of a very small loss of TOC to the membrane (a few mg) 
compared to the total mass of TOC in the system. Of the two methods, direct recovery of TOC 
in the cleaning solution is far more reliable although it is only the recoverable TOC which may 
be less than the adsorbed TOC. 



Table 15. Comparison Between Mass of TOC Recovered from the Membrane and Percent of Original Flux After Cleaning in the 
BaReMT and the RBSMT; Durham Test Water 

I Test Series No. 1 Average TOC Batch volume in Initial mass of Mass of TOC 
of feed BaReMT or TOC in recovered from 
( m a )  volume fed in BaReMT or fed the membrane 

RBSMT (L) in RBSMT (mg) (mg) 

BaReMT at 30% 3.313 15/15 49.5147.5 0.710.8 
system recovery 

BaReMT at 80% 6.816.1 15/15 102191.5 2.511.4 
system recovery 

RBSMT at 30% 2.112.2 128.81153 270.51321.3 0.6lNA 
system recovery 

RBSMT at 80% 2. U2.2 33.8/35.6 7 1174.8 1 J13.4 

% of original Mass of TOC 
flux after recovered from the 
cleaning membrane per unit 

area ((rng/crn2) x 103) 

I system recovery 

"I" indicates the two sequential runs in each experiment 
NA = not available 



Table 16. Comparison Between Mass of TOC Adsorbed and Mass of TOC Recovered in the BaReMT and the RBSMT; Durham Test 
Water 

Test Series No. 1A Initial mass of Mass of TOC remaining in Mass of TOC Mass of TOC 
TOC in BaReMT solution in the B ~ R ~ M T ~  adsorbed to the recovered from 
or fed in RBSMT (mg) membrane (mg) the membrane 

(mg)' (mg) 
BaReMT at 30% 49.5147.5 46.3144.7 3.212.8 0.710.8 
system recovery 

BaReMT at 80% 102191.5 
system recovery 

RBSMT at 30% 270.51321.3 208.213 10.9 62.3110.4 0.61NA 
system recovery 

a3 
RBSMT at 80% 7 1174.8 67.6176.8 3.41-2 1.713.4 

a system recovery 

' "I" indicates the two sequential runs in each experiment 
accounting for losses in sampling or in the permeate and concentrate in the RBSMT 

NA = not available 



TEST SERIES 2: COMPARISON OF MEMBRANE TREATMENT OF WATER FROM 
DURHAM, FAYETTEVILLE AND RALEIGH 

Based on the results of Test Series 1, it was concluded that the BaReMT gave results that were 
similar to the RBSMT and would thus be a more convenient bench-scale test method. However, 
the BaReMT still required preconcentration of the NOM from the test water in order to simulate 
various system percent recoveries. To eliminate the need for preconcentration, the BaIReT was 
selected for comparing membrane performance using the three test waters. Time did not permit a 
direct comparison with the RBSMT but good agreement of the BaReMT with the RBSMT in 
Test Series No. 1 suggested that the BaIReT would also compare well. 

Three different test waters were compared to determine their treatability by nanofiltration. 
Important characteristics for each water are summarized in Table 17. Of particular interest is the 
very similar TOC of the settled, filtered water used in membrane testing that would suggest 
similar fouling potentials; low hardness that would suggest Ca and Mg are not likely foulants; 
and measureable turbidity that could suggest particles as a foulant source. 

Table 17. Water Quality Characteristics in Test Series 2 

Parameter Location Raleigh Durham Fayettevill 
313 1/97 4/28/97 e5/14/97 

TOC (mg/L) 

Turbidity (ntu) 

Alkalinity - 
mg/L as 
CaC03 

Hardness - 
mg/L as 
CaCO? 

raw water 
settled water1 
settled water2y3 
settled, filtered 
water3p4 
raw water 
settled water1 
raw water 
settled water1 
raw water 

raw water 23 23 27 

- - I  

' collected at the effluent-end of the sedimentation basin of the WTP 
2 stored in laboratory refrigerator until use 
measurements conducted in our laboratory 

4 settledhtored water filtered through a 5-pm spun-polypropylene cartridge filter. 



Characterization of NOM and Particles in Test Waters 

AMWD of NOM. Figure 40 shows the apparent molecular weight distribution (AMWD) of the 
three test waters. NOM (based on TOC concentrations) was divided into the following apparent 
molecular weight fractions: >30,000; 30,000- 10,000; 10,000-3,000; 3,000-1,000; ~ 1 , 0 0 0 .  Most 
of the NOM in the Raleigh test water was attributed to the 30,000-10,000 molecular weight 
fraction; the next highest fractions were <1,000 and 3,000-1,000. Test waters from Durham and 
Fayetteville showed a totally different AMWD. Most of the NOM was found in the 30,000- 
10,000 molecular weight fraction with a decreasing concentration of NOM toward the low 
fractions. In the test water from Fayetteville the opposite trend was found: NOM concentration 
steadily increased from the highest molecular weight fraction to the 3,000- 1,000 fraction. The 
raw waters used by each water utility were quite different and thus the AMWD of NOM could 
also vary. Raleigh takes water from Falls Lake (an impoundment of the Neuse River), 
Fayetteville from the Cape Fear River and Durham from a protected watershed (Lake Michie). In 
addition, it is also possible that seasonal effects played a role. The test water from Raleigh was 
collected in the early spring, while the test water from Fayetteville was collected in the late 
spring. All of these factors could influence the effectiveness of nanofiltration in removal of 
NOM. 

Assuming that the nanofilter has a molecular weight cutoff (MWCO) well below 1,000, it is 
possible to use the AMWD data in Figure 40 to estimate the percent removal of NOM to be 
expected. Approximately 75% rejection of TOC was expected for the test waters from Raleigh 
and Fayetteville and 90% for the test water from Durham. However, comparing the AMWD of 
the organics of a test water with the MWCO of the membrane allows only a crude estimate of 
how much NOM the membrane is expected to remove because: (I) manufacturers typically rate 
the MWCO of the membrane by testing the membrane with a reference solute such as 
polyethylene glycol or a similar type of organic solute that is well defined in contrast to the 
composition of NOM; (2) the MWCO represents the molecular size at which 50 or 90 percent 
rejection of the reference solute is achieved; and (3) different solutes of equal molecular weight 
but different configuration will give different results for the MWCO. 

The Hydranautics NTR 7450 membrane is a high-permeability negatively charged membrane. 
Hence, the rejection of organics is also highly dependent on the electric charge of the organic 
material, apart from the MWCO of the membrane (Braghetta et al. 1997). Charged organics are 
rejected more than noncharged organics. Typically, NOM is expected to be negatively charge at 
near neutral pH, and thus rejection is higher than at low pH where the charge is positive. 
However, MWCO of the membrane can also change with pH because the size of openings in the 
polymer matrix is controlled by electrostatic interactions; thus rejection is determined both by the 
charge on NOM and the condition within the polymer matrix. 





Particle Size Distribution (PSD). Figure 41 is a comparison of the PSD of the different test 
waters after storage in a laboratory refrigerator (3-4 days) and passage through a 5-pm spun- 
polypropylene cartridge filter. The water after this filtration step was used to conduct the 
membrane test because nanofiltration would usually follow filtration to prevent blinding of the 
membrane. 

The PSD show that particles were present in the feed to each membrane system. Thus, care must 
be taken in attributing all of flux decline to NOM fouling. With this in mind, PSD data were 
collected in the cleaning solution following each period of flux decline. 

Calculation of the Feed Concentration to the Membrane (C,) 

The nature of the BaReMT is such that the feed concentration to the membrane (Cd) increases 
over time to reach a steady state value (Anveiler 1997). An iterative procedure is used calculate 
Cmf from mass balance equations according to: 

In order to compare flux decline and fouling characteristics among the three test waters, the 
concentrate recycle flow rate to the membrane (QmrQt) was set to a value that would give the 
same Cd. Because the TOC concentrations in the feed tank (Cf) were slightly different from one 
another (see Table 17), the percent system recovery were necessarily also somewhat different to 
keep Cd the same. The percent recovery was 80% for the Raleigh and Fayetteville test waters 
and 73% for the Durham test water. A steady state is reached very quickly (less than 10 hours) 
relative to the total operating time of the membrane (100 hours). A summary of the predicted 
and measured values of Cmf at steady state is given in Table 18 and more details are given by . 
Arweiler (1997). 

Table 18. Comparison Between Predicted and Measured Values for Cm, 

Water Utility Predicted values for Measured values for % system recovery 

Cmf (mgn) Cmf (mgn) 
Raleigh 7.0 7.6 80 

Durham 7.0 5.9 73 

Favetteville 7.0 7.2 80 





Membrane Performance 

Flux Decline. A comparison of permeate flux decline in the BaIReT for each of the three 
different test waters is given in Figure 42. Two membrane cleanings are also denoted in each 
figure, as in the experiments from Test Series 1. 

A sharp decline in permeate flux (10%) was observed in the first 20 hours of operation after 
"setting" of the membrane for all three test waters. The greatest decline in permeate flux was 
found for the test water from Durham despite the measured average TOC concentration being 
lower (C, = 5.9 m a )  than either of the other two test waters (Raleigh, C, = 7.6 mg/L and 
Fayetteville, C, = 7.2 m a ) .  In other words, the water with the least amount of NOM produced 
the most fouling, which suggests that NOM concentration alone was not a strong indicator of 
fouling potential. AMWD could also be important and it was noted earlier (see Figure 40) that 
the three test waters were different in this respect. On the basis of AMWD, the test water from 
Raleigh should have produced the most decline in permeate flux because the most NOM was 
found in the higher molecular weight fractions, but this was not observed. Resistance to 
permeation could have been due to a cake layer deposited on the membrane surface or to more 
loosely attached foulants in the concentration boundary layer. Alternatively, differences in flux 
decline could be totally unrelated to NOM concentration and AMWD; instead, another foulant 
may be responsible. For instance, fouling may be caused by a small fraction of inorganic 
colloidal substances that may only be measured by very sensitive particle analyses. . 

After cleaning, permeate flux was found to increase for all three test waters, but to different 
extents. The permeate flux for the test water from Raleigh increased the most (up to 94% of 
original flux), and least (87% of original flux) for the test water from Fayetteville. 

The beginning flux for Run 2 was different for each of the three BaIReTs. However, the final 
percent flux decline in Run 2 was about the same (80% of original flux). The percentage of 
original flux after the final cleaning (end of Run 2) could not be calculated because little pieces 
were cut from the membrane before and after the final cleaning procedure for SEM and AFM, 
preventing measurement of the permeate flow rate. 

NOM Rejection. Figure 43 shows a gradual increase in TOC rejection with time, a sharp 
decrease in rejection directly after cleaning followed by an increase with time as was also found 
in Test Series No. 1. The increase in rejection could be due to continued accumulation of 
particles at the membrane surface that increased the thickness of the gel layer. Based on the 
AMWD (Figure 40) the percent of TOC that was greater than 1,000 MW was 75% in the Raleigh 
and the Fayetteville test water, and 90% in the Durham test water. These would also roughly 
correspond to percent rejections if the MWCO of the membrane was close to 1,000 and if only 







molecular weight was important. As should be expected, nanofiltration produced excellent 
removal of NOM confirming the conclusion in Test Series 1 that DBP control would be very 
effective. 

The correlation between percent rejection of TOC and percent rejection of is presented in 
Figure 44 for each water. A very poor linear correlation was obtained for the Raleigh water 
whereas fair to good correlations were obtained for the Durham and Fayetteville waters. No 
explanation can be offered for the Raleigh data other than experimental error, most likely in 
measurement of lowTOC concentrations in the permeate. Excluding the Raleigh data, the 
percent rejection of TOC and percent rejection of W254 were very similar because the slope of 
the best fit line is very close to 1.0. As noted earlier, the similarity of TOC and W254 rejection 
emphasize that the nanofiltration process was not selective in removing NOM fractions of an 
aromatic nature as would be measured by m 2 5 4 .  

Foulant Recovery and Recovery of Flux 

TOC. The results for TOC recovery from the membrane as a result of cleaning are given in 
Table 19. This table is organized in the same way as Table 15. The mass of TOC recovered in 
Run 1 of each experiment was very similar (about 1 mg TOC) despite flux decline and percent 
flux recovery after cleaning (87 to 94%) being different for each test water. This could indicate 
that the differences in flux recovery were due only to experimental error. More TOC was 
recovered in the final cleaning (end of Run 2) than in the cleaning after Run 1. This tendency 
was not that obvious in Test Series No. 1, but it was expected because rejection of TOC 
increased slightly from Run 1 to Run 2 and also more fouling occurred with time. The last 
column (mass of TOC recovered from the membrane per unit area) also confirms that more mass 
was deposited on the membrane during Run 2. 

Table 20 contains the same columns as Table 16 for Test Series 1 and allows comparison of the 
mass of TOC lost from the batch feed reservoir (and presumably a'dsorbed to the membrane) to 
the mass of TOC recovered from the membrane by cleaning. The mass balance is the same as for 
the BaReMT, the only difference being that the loss of TOC through an additional concentrate 
sample in the BaIReT had to be considered. Although the amounts of TOC recovered from the 
membrane during Run 1 were similar, the amounts adsorbed based on a mass balance calculation 
were quite different. During Run 1, the highest amount of TOC (4 mg) was adsorbed to the 
membrane in the experiment with test water from Durham. This would agree with data for flux 
decline (Figure 42) in which the Durham test water gave the greatest decline of flux. The fact 
that the TOC adsorbed was always greater than the TOC recovered would suggest that chemical 
cleaning does not remove all of the foulant material. However, it must also be noted that the 
accuracy of the mass balance calculations to obtain TOC adsorbed might not be high enough to 
warrant strict interpretation. 



Figure 44. Correlation between percent rejection of TOC and UV-254 in the BaIReMT for all three water utilities 
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Table 19. Comparison Between Mass of TOC Recovered from the Membrane and Percent of Original Flux After Cleaning in the 
BameMT (Test Series No. 2) 

Water Utility Tested Average Batch volume Initial mass of Mass of TOC % of original Mass of TOC 
and TOC of feed1 (L) TOC' recovered from flux after recovered from the 

Recovery Simulated (mi$) (mg) the membrane1 cleaning1 membrane per unit 
6%) area1 

((mg/crn2) x 103) 
Raleigh 2.212.1 15/15 33/32.7 1.112.2 94%/NA 7. U14.2 

80% system recovery 

Durham 2.412.4 15/15 36138.8 1.211.9 89%/NA 7.7112.3 
73% system recovery 

Fayetteville 2.412.3 15/15 36135.5 0.913.7 87%/NA 58123.9 
80% system recovery 

ul 
4 * "I" indicates the two sequential runs in each experiment 

NA = not available 



Table 20. Comparison Between Mass of TOC Adsorbed and Mass of TOC Recovered in the BaIReMT (Test Series No. 

Water Utility Tested Initial mass of Mass of TOC remaining in Mass of TOC Mass of TOC 
and TOC' solution in the B ~ I R ~ T ~  (mg) adsorbed to the recovered from the 

Recovery Simulated 0%) membrane1 membrane1 
(mg) 0%) 

Raleigh 33132.7 30.7127.9 2.314.8 1.112.2 
80% system recovery 

Durham 73% system 36138.8 
recovery 

Fayetteville 36135.5 
80% system recoverv 

u3 
03 

'7" indicates the two sequential runs in each experiment 
accounts for losses during sampling 



Particles. The particle number concentrations in the batch feed reservoir during each run for the 
three different test water are presented in Figure 45. For reference, the particle concentration in 
the original sample (before cartridge filtration) is also given; these values are somewhat higher. 
Nanofiltration caused an accumulation of particles on the membrane, as evidenced by the 
decrease in particle number concentration with time in each run. Regardless of the particle 
concentration at the beginning of Run 1 and Run 2, the final particle concentrations were similar, 
suggesting that the mass of particles accumulated on the membrane would be different for each 
test water. 

The accumulation of particles on the membrane was measured by the PSDs in the cleaning 
solution at the end of Run 1 and 2. The average particle number concentrations determined for 
the cleaning solution before contact with the membrane (800 particleslml) and ultrapure rinse 
water (200 particleslml) that were to be used in the cleaning steps were subtracted from the 
particle number concentration after cleaning. These results are presented for the Raleigh sample 
in Figure 46; similar results were obtained for the Durham and Fayetteville samples. As 
explained in the Materials and Methods section, each of the two membrane cleanings consisted 
of two cycles in which the cleaning solution was circulated followed by a rinse. Most but not all 
of the particles were always removed with the first cleaning cycle. This would suggest strong 
adherence of some particles. A limitation of the particle size analyzer is that particles smaller 
than 2 pm could not be measured and these may also have been responsible for fouling. 

The total particle number (concentration of particles multiplied by volume of solution) present in 
the batch feed at the beginning of each experiment (settledstoredfiltered test water) is compared 
to that recovered by the first cleaning solution in Table 21. For all three test waters the total 
particle number recovered by cleaning was always much greater than in the batch feed. The only 
possible explanation would be generation of small particles from large particles during recycling 
of the test water by the membrane surface and by the cleaning procedure. 

Table 21. Comparison of Total number of Particles at the Beginning of the Run and Recovered in 
First Cleaning Solution 

Water Utility Tested Total number of particles in Total number of particles 
the batch feed solution at recovered in the first 
the beginning of the run cleaning solution 

Raleigh 3 x 106 14 x 106 

Durham 2 x 106 6 x 106 

Fayetteville 6 x 106 29 x 106 



Figure 45. Comparison of the particle number concentration during the BaIReMT for all three water utilities 
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Characterization of Surface Morphology 

AFM. AFM allows a topographical inspection of the membrane because this method can 
generate a 3-D virtual image of the membrane surface. The goal was to detect the presence of 
foulant and possibly any difference in foulant among the three waters being tested. Samples 
were prepared for AFM in Test Series 2. All AFM-images were leveled to a plane using an Auto 
Leveling (second-order, horizontal) software provided with the AFM instrument to compensate 
for sample tilt and to allow accurate measurements of the height across the sample without 
adding any erroneous tilt information to any data. The absolute height scale given on the 3-D 
images is intended for general reference purpose only. The scale is not accurate enough to use 
for quantitative interpretation. 

An AFM of clean membranes is presented in Figure 47. The clean membranes show a fairly flat 
surface with a few bumps; although uneven, the average height is 13 nm. AFMs of the fouled 
membranes are given in Figures 48 to 50 for the three different test waters. These show much 
larger bumps with more frequent occurrence. Average height, maximum height, area RMS 
roughness and area average roughness (R,) are summarized in Table 22. The averages were 
calculated from all 10-pm images. The magnitude of the average height and maximum height 
for the fouled membranes were measured in hundreds of nm, which was far greater than for the 
clean membrane. However, the differences in height before and after cleaning were very small 
and cannot be interpreted any further. The fact that the average height is greater after cleaning 
than before in some cases may only be due to the method used in AFM to establish a reference 
plane from which to calculate height. The main point is that the cleaning procedure was not 
efficient, although the flux recovery after cleaning was close to 100% of the original flux (see 
Figure 42). 

Table 22. Summary of vertical surface parameters obtained from the AFM images 

Sample Average Maximum A ~ e a  RMS Area 
height (nm) height (nm) Roughness average 

(nm) roughness 
R, (nm) 

Clean membrane 15 89 4 2 
Raleigh before cleaning 284 565 80 63 
Raleigh after cleaning 238 594 77 59 
Durham before cleaning 25 1 687 80 59 
Durham after cleaning 324 726 77 57 
Fayetteville before cleaning 301 710 83 63 
Fayetteville after cleaning 256 586 86 68 



Figure  47 .  AFM of Clean Hydranautics NTR-7450 Membrane 



Figure 48. AFM of Fouled and Cleaned Membrane: Raleigh Tes t  Water 
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Figu re  49.  AFM of  Fouled and Cleaned Membrane: Durham Test Water 
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Figure 50. AFM of Fouled and Cleaned Membrane: Fayetteville Test Water 
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For all three test waters, the AFM revealed a foulant layer with a series of large spikes and deep 
pits. The AFM-images from Raleigh before and after the final cleaning appeared less irregular. 
This could be due to a different composition of the accumulated layer on the membrane surface. 
These AFM images could suggest different characteristics for foulants. 

As shown in Table 22, the RMS roughness was only very slightly higher (15 to 20 nm) than the 
average roughness. The comparisons between the RMS roughness and the average roughness 
were similar for membrane samples taken before and after cleaning. 

A rough estimate of the TOC density within the gel layer was made assuming that the bumps 
were due to accumulation of NOM in a gel layer. The mass of TOC recovered from the 
membrane by the final cleaning was divided by an estimate of the volume of the gel layer as 
shown in Table 23. The volume of the gel layer was calculated by multiplying the active surface 
area of the membrane (155 cm2) by the average height before cleaning as measured by AFM. 

Table 23. Density of TOC in Foulant Layer as Measured by AFM 

Raleigh 
Durham 
Favetteville 

Water 
Utility 

TOC density can be multiplied by a factor of two to obtain the NOM density (about 50% of 
NOM is carbon). A relatively small loss of TOC to the membrane surface (on the order of a few 
mg) can produce a significant foulant layer density (on the order of 0.5 g T O C / C ~ ~ ) .  For 
comparison, Sethi and Wiesner (1994) estimated the TOC density in the gel layer (based on an 

-._ 
estimate of molecular weight of NOM and packing of macromolecules) as 1.2 &m3. However, 
the density could have been even higher than calculated in Table 23. First, not all of the TOC 
was recovered by the cleaning cycle. Second, AFM can measure only the deepest and the 
highest point on the membrane surface and so, the thickness of the gel layer underneath the 
deepest point is unknown. The highest TOC density in the gel layer was found from application 
of the Fayetteville test water to the membrane. Of the three test waters, that from Fayetteville 
resulted in the least effective recovery of flux after Run 1 (see Figure 42). The inference could 
be that higher gel layer density results in poorer recovery of water flux because cleaning cannot 
be effective. 

Mass of TOC Average height of Density of TOC in 
recovered from the foulant layer before foulant layer 
membrane after the cleaning (nm) (mg/cm3) 
final cleaning (mg) 

SEM. SEM images are presented in the same order as the AFM images for the three test waters 
in Figures 51-53. They show that the membrane was covered with a network or matrix that 



Figure .. SEM Images of Fouled and Cleaned Membrane: Raleigh r e s t  Water 
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Figure  52.  SEM Images of Fouled and Cleaned Membrane: Durham Tes t  Water 
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Figure 53. SEM Images of Fouled and Cleaned Membrane: Favet tev  i l l e  Tes t  Water 
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consisted of a layer of NOM and microorganisms and quite possibly their associated extracellular 
products (e. g. heteropolysaccarides, glycoproteins, lipids, etc.). Much of this network remained 
after cleaning which indicates strong attachment to the membrane surface. There was also 
evidence of patchy bacterial attachment rather than a continuous film. Cleaning appeared to 
remove more of the bacteria than NOM but nevertheless some bacteria remained. Not all SEMs 
showed such high concentrations of bacteria. The Durham sample collected on 3120197 (Test 
Series 1B) showed fewer bacteria before cleaning than for other samples that were collected later 
in the year in Test Series 2. One possible explanation could be seasonal variations of NOM and 
concentration of nutrients for microbial growth. 

AODC. AODC requires the cell count be corrected for particles in blank water (which are 
erroneously counted as bacteria). The blank value was determined as 3.5 cells per grid. The 
corrected average of cells per grid and the calculated values for cells per mL are presented in 
Table 24 for the Raleigh sample (see Appendix IY for the calculation method); excessive 
particles in the blank precluded use of the data for the Durham and Fayetteville samples. The 
samples after sedimentation, but before chlorination and filtration may be expected to contain 1 x 
lo6 cellslml to 1.5 x lo6 cellslmL and this is the range in Table 24. During operation of the 
BaIReT, the number of organisms decreased by 0.4 x lo6 cellslmL to 0.7 x lo6 cellslmL. The 
difference between the beginning and final AODC in the batch solution should equal the AODC 
that accumulated on the membrane surface. 

Table 24. Bacterial Cell Counts Obtained from the AODC; Raleigh sample 

Sample Corrected average of cells Acridine Orange Direct Count 
per grid (cells1mL) 

Begin of Run No. 1 15.6 1.1 x 106 
During Run No. 1 9.6 
End of Run No. 1 10.8 
Begin of Run No. 2 17.3 
During Run No. 2 10.2 
End of Run No. 2 10.7 

Predictive Models of Flux Decline 

The mathematical models listed in Table 25 describe flux decline with time for different 
mechanisms of fouling, such as adsorption of material within the membrane matrix, blockage of 
membrane pores, cake formation, and development of a concentration-polarization layer 
(Mallevialle, Odendaal, and Wiesner, 1996). Each of the models can be conveniently linearized 
as shown to test experimental data and obtain the model constants. All the models were tested 
with the data from the RBSMT and the BaReMT operating at 80% system recovery in Test 



Series 1B. Each of them fit the data equally well with high R~ values making it impossible to 
interpret fouling mechanistically (Arweiler, 1997). It was decided arbitrarily, therefore, to select 
the "Cake-limited flux" model for used in Test Series 2. 

Table 25. Mathematical Models to Describe Permeate Flux \Decline (Mallevialle, Odendaal, and 
Wiesner, 1996) 

Cause of permeate flux decline Permeate flux equations Linearized form of equation 
Cake formation 

membrane-limited flux J = JJ(1 + JoK*t) 1/J = l/Jo + K*t 
cake-limited flux J2 = JO2/(1 + J,2K*t) 1/J2 = 1/Jo2 + K*t 

Adsorptive pore fouling J = J,, + Bexp(-K*t) ln(J - J,,) = 1nB - K*t 

J,, = steady-state permeate flux, J, = initial permeate flux 

The rate constants, K*, calculated from the data in Test Series No. 2 are summarized in Table 26. 
All three K*values were very close and each of the three data sets gave similar R2 values. Thus, 
it was not possible to use the model to draw conclusions about the effects of water characteristics 
on flux decline. It remains to determine if flux decline would continue to follow the pattern 
predicted by the model beyond the time of observation. 

Table 26. Summary of K* Values Obtained from Cake limited Flux Model (see Table 25) with 
Data from Test Series 2 

- -- 

Water Utility K* R2 
(m4- hrL2) 

Run 1 Run 2 Run 1 Run 2 

Raleigh 3 x 10-6 3 x 10-6 0.756 0.953 

Durham 3 x 10-6 2 x 10-6 0.904 0.963 

Fayetteville 2 x 10-6 1 x 10-6 0.949 0.801 
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GLOSSARY 

Abbreviations 

atm 

g fd 
hr 
L 

P ~ / L  
m a  
ntu 
psi 

Terms 

a 
A 
AFM 
AMWD 
AODC 
BaReMT 
B alReMT 
BS 
BVF 
Cb 
Cbulk 
cc 
c f 
cmf 
c o  

CP 
CS 
d 
DBPs 
Cfu 
DOC 
EBCT 
EPA 
FS 
GAC 
HA AS 
ICR 
J 

Jo 

atmospheres 
gallons per square foot per day 
hours 
liters 
micrograms per liter 
milligrams per liter 
nephelometric turbidity units 
pounds per square inch 

constant in logistic function 
surface area 
atomic force microscopy 
apparent molecular weight distribution 
acridine orange direct count 
Batch Recycle Membrane Test 
Batch Internal Recycle Membrane Test 
bench-scale 
bed volumes fed 
batch feed Concentration 
bulk concentration 
concentrate concentration 
feed concentration 
feed concentration to the Membrane 
initial concentration 
permeate Concentration 
cleaning solution 
particle diameter 
disinfection byproducts 
colony forming units 
dissolved organic carbon 
Empty-Bed Contact Time 
Environmental Protection Agency 
full-scale 
granualar activated carbon 
five haloacetic acids 
Information Collection Rule 
permeate Flux Decline 
initial Permeate Flux Decline 



n 
N 
NF 
NOM 
P 
PAC 
PSD 

9 
Q 
Qc 

Qc.b 

QCJ 

Q f 
Qmf 

QP 

Qw 

Re 
RSSCT 
RBSMT 
Rm 
RMS 
RO 
SEM 

t~ s 
t FS 

t50 
THMs 
TOC 
uv254 

Vb 

vc 
v f 
Vo 
W 
WTP 
X 

steady-State Permeate Flux Decline 
Freundlich preexponent constant 
constant in flux decline mathermatical models 
length of GAC bed 
mass transfer coefficient of water 
Freundlich exponent constant 
l/n 
nanofiltration 
natural organic matter 
pressure 
powdered activated carbon 
particle size distribution 
solid-phase concentration on adsorbent 
flow rate 
concentrate Flowrate 
concentrate Flowrate Returned to the Batch Feed Reservoir 
concentrate Recycle Flowrate 
feed Flowrate 
feed Flowrate to the Membrane 
permeate Flowrate 
concentrate Wastage Flowrate 
Reynolds number 
Rapid Small-scale Column Test 
Rapid, Bench-scale Membrane Test 
Membrane Recovery 
root mean square 
reverse osmosis 
scanning electron microscopy 
constant in logistic function 
observation time in bench-scale (RSSCT) 
projected observation time in full-scale 
time to 50% breakthrough 
trihalomethanes 
total organic carbon 
light absorbance at 254 nm 
batch feed volume 
cross-flow velocity 
final volume after the RO Concentration 
initial volume before the RO Concentration 
weight of GAC 
water treatment plant 
adjustable parameter in RSSCT scaling equation 
apparent GAC density in packed bed 



APPENDIX L PROCEDURES FOR PACKING GAC INTO THE COLUMN 

Tygon tubing sections of the same diameter as the inside of the glass column (1.5 cm) 
were cut to make sleeves that provided support for two adjacent stainless steel screens 
(U. S. sieve size of 100 above 150) as shown in Figure I. Ultrapure laboratory water was 
first pumped upwards through the empty column fiom a glass beaker until the volume of 
water within the column corresponded to that for desired EBCTBs. Next, the "deaerated" 
GAC slurry was carefully poured into the column with a glass funnel. GAC particles that 
stuck to the glass walls were flushed back into the flask or column by using a plastic wash 
bottle filled with deionized water. When the GAC particles had settled, the supernatant 
was removed with a pipette. 

The GAC was slowly added fiom the slurry, tapping the glass column to assure even 
compaction, until the volume of the GAC bed in the column corresponded to that for the 
EBCTBs. As a practical observation, the bed height was made about 2 percent greater 
than calculated to achieve the EBCTBs because the bed continued to compact after the 
RSSCT was started. If the apparent density of the packed GAC bed was underestimated, 
more GAC slurry was available to adjust the desired bed height. The GAC remaining after 
filling the column was dried again and weighed out to determine the actual added GAC 

Figure I. Details of column in RSSCT 

glass column 
(15 mm ID) 

GAC bed 

Tygon sleeve (5 mm) 

U. S. 100 mesh screen 

I I "  U. S . 1 50 mesh screen 

Y- Tygon sleeve (30 mrn) 



APPENDIX 11. n o w  DIAGRAM FOR THE RBSMT AND MASS BALANCE 
EQUATIONS 

Flow diamam for the RBSMT: 

System recovery: 

Membrane recovery: 

Mass balance around system: 

Q f  cf = Qwcc + Qpcp 

Q w = Q f - Q p  

substitute 4 in 3 and divide by Qf yields 

Cf = RsCp + (1 - &)c, 

rearrange and solve for Cc 



Mass Balance around (x): 

Q m j c m f  = Q f c f  + Q c , r c c  

Q C ,  = Q, - Q f  

substitute 8 into 7 and divide by Qmf yields 

1' Q p  
multiply right side of 9 by - 

1' Q p  

rearrange and solve for Cc 

set 6 and 11 equal to one another and solve for Cmf 

(II- 12) 



APPENDIX IIL F'LOW DIAGRAM. FOR BaIReMT AND MASS BALANCE 
EQUATIONS 

Flow diarrrarn for the BaIReMT: 

System recovery: 

Membrane recovery: 

Mass balance around (x): 

Q&, = QfCf + Q C J C C  

QC,, = Qc - Qc,b (around (m)) 

Qc = Q M  - Q p  (around membrane element) 

Q , b  = Q - Q p  (around batch tank) 

substitute 5 and 6 into 4 and substitute in 3 and solve for CEf 



Mass balance around membrane element: 

Qmf ' m f  = Qc c c  + Q p  cp 

solve for Cc 

cc = 
Q m f c m f  - Qpcp 

Qc 

Mass balance around batch tank: 

solve for C, , - , 

(III- 10) 

(m-11) 

(rn- 12) 

An iterative analysis shows that Cb approaches a steady state value in about 4 hours of 
operation (Arweiler, 1997). 



APPENDIX IV. DETERMINATION OF AODC 

Number of cells per mL were calculated as following: 

1. Count at least 5 grids fiom different places of the blank and the sample and average 
the counts for the grid. If more than 2-3 cells per grid are counted for the blank, the 
ultrapure water must be refiltered. If more than 100 or less than 10 cells per grid are 
found in the sample, a higher or lower dilution, respectively, should be used for the 
sample. 

2. Calculate corrected average X (celldgrid): 

X (celldgrid) = average of sample (celldgrid) - blank (celldgrid) ( W l )  

3. Summary of given parameters: 

- inner diameter of filtration tower: d = 16 mm 
-+ area of filter = x x (d/2)' = x x (8 mm)' = 201 .O6 mm2 
- grid dimension = 55.5 pm 
+ area of grid = (55.5 pm)' = 0.00308 mm2 

4. Formula for AODC = Y (celldgrid) 

Y = (X x area of flter)/(0.95 x area of grid) v - 2 )  

The area of the grid was multiplied with 0.95 because approximately 5% of the volume 
in the sample was formalin. 


