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SUMMARY OF ALUMINUM NITRATE TESTS AT THE F/H-ETF (U)
D.J. McCabe and A.W. Wiggins

SUMMARY

Biofouling of the Norton ceramic filters in the F/H Effluent
Treatment Facility (ETF) has been minimized by bacterial control
strategles on the influent streams. However, enough bacteria
still exists in the routine influent to impact the filter
performance., One method of remediating biofouling in routine
influent, initially observed in laboratory tests on simulant
solutions, involves addition of aluminum nitrate to the influent
wastewater, Tests on actual feed at the ETF using aluminum
nitrate (ANN) showed significantly improved performance, with
increases in filter permeability of up to four-fold compared to
the baseline case. These improvements were only realized after
modifications to the pH adjustment system were completed which
minimized upsets in the pH of the feed solutions.

Non-routine influent streams cause severe fouling of the filters,
reducing the filter permeability by >80% in less than 2 hours.
These nonroutine streams consist primarily of storm water
collected in large retention basins. The ability of the ETF to
treat this wastewater, in the event of a basin contamination, is
critical to achieving the mission of the ETF. Laboratory tests
on both simulated and actual nonroutine wastewater indicated that
pretreatment with both ANN and iron(III) nitrate dramatically
improves the fillterability of this waste. This result was
confirmed in one test at the ETF, suggesting that ANN and
iron(III) nitrate addition will significantly improve the ability
of the ETF to process these waste streams.

ETF testing of aluminum nitrate addition has successfully
demonstrated the benefits in filter performance of this
pretreatment method. Based on the results of these tests, it is
recommended that a permanent change in the operating permit for
the ETF be requested from SCDHEC to allow the addition of ANN and
iron(III) nitrate to the influent on a routine basis. The
discharge water quality is not adversely affected, and the
capacity of the ETF is greatly increased. Approval would enable
operations to continue chemical additions using temporary
facilities until more permanent facilities could be designed and
constructed. The long term plan will be to add a permanent tank
and piping to facilitate addition of the chemicals to the
wastewater collection tanks (WWCT).
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INTRODUCTION

'SRL studies conducted on simulated F/H-ETF wastewater indicated

that filter performance could be improved by the addition of
aluminum nitrate (1,2). The studies concluded that the simulant
must be pH <2.7 prior to addition of aluminum nitrate and
subsequent neutralization. This procedure improved the
filterability of simulant solutions containing high
concentrations of bacteria (~1.0E7 bacteria/mL). Additionally,
it was noted that the filter was more readily cleaned after this
experiment (i.e., the "memory effect" was not observed. This
"memory effect" refers to the observation that filters that are
exposed to water with high bacteria levels do not return to the
original permeability after cleaning). The recommendation was
subsequently made to the ETF to attempt to use aluminum nitrate
on the routine F/H-ETF influent to increase filter performance.

Simulant solutions which mimicked performance of nonroutine

retention basin water were also developed (3). SRL discovered
that the filterability of simulant solutions could be increased
using a mixture of iron and aluminum nitrates (4). Laboratory

scale testing on water from one of the storm water retention
pasins indicated that this pretreatment technique significantly
improved filterability (5). Concentrations of the iron and
aluminum salts necessary to optimize performance on retention
basin water were also determined (6).

A total of seven tests were conducted from November 1990 to
December 1991 at the F/H-ETF using aluminum nitrate. The final
test (Test #7) included the addition of both iron and aluminum
nitrate to water from the 281-8H storm water retention basin.
Table 1 shows a summary of the tests and lists the wastewater
source, bacteria density, aluminum concentration, pH, iron
concentration (test #7), and flow rate improvements observed.

TEST CONDITIOMNS AND DATA COLLECTION

The aluminum nitrate tests were conducted by first adding
approximately 130,000 gallons of the desired influent to one of
the wastewater collection tanks (WWCT). The WWCT was then
isolated from any sources of additional influent for the duration
of the test. 1In all tests, filter performance on the raw
influent was first established as a baseline for comparison.
sufficient nitric acid (64 wt%) was added to drop the pH to below
2.7, and the tank contents were recirculated for at least 12
hours to ensure thorough mixing. During tests 6 and 7, a second
paseline flow rate was established after the addition of nitric
acid. Aluminum nitrate nonahydrate (ANN) solution (60 wt.?%) was
added and the tank recircculated an additional 12 hours or more.
The filter (s) used for the baseline case was then used in the
test runs. In test #3, the other two filters were also used in
the test runs. In test #7, a solution of iron(III) nitrate was
subsequently added to the WWCT after the ANN filter run and the
same filter was run again to test for any further filter
improvement .
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Flow rates and pressures were manually recorded at appropriate
intervals during each run. These values were collected only on
Stage 1 of each filter, since it is the only stage with pressure
indicators on both the feed and concentrate lines. Corrections
were made for transmembrane pressure fluctuations due to

1) actual initial pressures which varied from the setpoint, 2)
reductions in the permeate pressure during the run to maintain a
more constant flow throughout the ETF, and 3) the presence of an
orifice in the stage 1 filter feed line of filter train #1. This
allowed calculation of pressure-corrected flow rates which are
used to compare the different filter runs.

Calculated Stage 1 permeabilities (in GPM/psi) are given in
Tables 2 - 8. It was assumed that the flow rate is linear with
respect to pressure in the ranges used here. It has been shown
that this relationship holds for clean filters, but fouled
filters will have a slightly lower flux as pressures increase due
to the compaction of the fouling layer of precipitates. The
higher solids loading in Stages 2 and 3 caused only negligible
permeability differences between stages on tests 3-7.

Bacteria densities were measured in the filter feed solutions
using the Acridine Orange Direct Count (AODC) techaique by T.C.
Hazen of Savannah River Laboratory. Averages of the sample
results for each test are shown in Table 1.

RESULTS

Calculated flow rates which are pressure-corrected to 30 psi of
transmembrane pressure are shown in Figures 1-7. All flow rates
refer to the permeate flow rate at constant pressure. The actual
flow rates were generally higher due to operation of the filters
with 40 psi of transmembrane pressure. Table 1 contains a
summary of the test conditions and the resulting flux improvement
observed. The initial and final total feed flow rate and all of
the parameters measured are shown in Tables 2-8. Summaries of
the individual tests are presented below, with a description of
the results.

Test #1

The aluminum concentration in ETF test #1 was measured to range
between 49.3 and 134.9 mg/L (Figure 1). The flow rate of the
third stage of the filters, which has the highest solids
concentrations, dropped dramatically between backpulses. This
was apparently caused by the high solids loading. Large pH
fluctuations were observed, particularly in F3 run #1 and F1l run
#2 (F3 is Filter train #3).

Test #2

Significant improvements in filter flow rate were not observed in
test #2 (Figure 2). Minor fluctuations in pH were observed
during startup of both filter runs. In filter #3, the filter
flow rate was maintained at approximately the same level as the
paseline run until an upset in the pH of the feed solution
occurred after approximately 6 hours online.
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Test #3

Significant improvements in the filter flow rate were observed in
Test #3 (Figure 3), The initial flow rates were higher after the
addition of ANN, and higher flow rates were maintained during the
runs. When pH upsets occurred, the fiiter flux dropped
dramatically. The apparent recovery in flow rate after the upset
was only temporary.

Test #4

Initial flow rates for the ANN runs were not significantly higher
than on the baseline run; however, the flow was maintained at a
much higher level (Figure 4). After cleaning, Filter #2 had
higher initial flow rates and maintained a high rate for the
duration of the experiment.

Test #5

The baseline run and ANN runs were quite similar to one another
for test #5 (Figure 5). An increase of 20 GPM was observed for
the ANN run on filter #1. The aluminum concentration during the
baseline runs was higher than expected (5.3 ppm) due to the wwct
heel from Test #4.

Test #6

Dramatic improvements in filter performance were observed in Test
#6 (Figure 6). With no pretreatment, the ETF sump water, which
is notoriously difficult to filter, yielded an 80% flux loss
within two hours of operation. Additlon of acid increased the
filter performance slightly, and the iron content increased also.
Addition of ANN tripled the flow rate through the filter. After
cleaning Filter #3, further improvement in filter performance was
observed.

Tast #7

Retention basin wastewater severely fouled the Norton fillters,
even though the bacteria densities were intermediate (2.0E6
bacteria/mL) . Addition of acid increased filter performance
slightly. The addition of ANN dramatically increased filter
performance, until a pH upset occurred. The subsequent addition
of iron(III) nitrate showed slightly higher filter performance.

DISCUSSION
Test #1

The quantity of aluminum hydroxide used in test #1 exceeded the
capacity of the filters. The optimum level of aluminum had been
determined from laboratory tests on a single-lumen filter to be
>50 mg/L, but the poor performance of the filters during this
test (Figure 1) was attributed to overloading the filters. The
aluminum nitrate concentration was reduced 1in subsequent runs to
avoid overloading the filters. Upsets in the feed pH contributed
to the poor filter performance observed.
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Test #2

It appears that the increased quantity and type cf solids (il.e.
aluminum hydroxide) caused the fouling during pH upsets to be
more pronounced than in previous runs. ‘Recommendations for
improving pH control included diluting the caustic day-tank
solution, tuning of the controllers on the two pH adjustment
tanks, wigilant maintenance of continuous flow rates during
startup, and damping of the surges in influent flow rate by
decreasing the gain on the automatic tank-level controller.
These recommendations were implemented prior to ANN Test #3.

Test #3

Significant improvements 1n filter performance were cbserved
after ANN addition, although the use of cleaner filters may have
partially contributed to the observed increase in flow rate. The
initial flow rate on filter #2 increased after the cleaning
cycle, supporting the observation that the filters are easier to
clean when ANN is used. However, pH upsets continued to severely
impact the filter performance, further improvements in pH control
were implemented. Agitation of the caustic daytank during

- make-up of the dilute caustic solution was begun in an attempt to

decrease the magnitude of pH upsets. Before Test #4, operators
were 1instructed to implement the existing procedure for an
emergency manual shut-down of the filter if the pH exceeds the
range of 7.5 *1.5 pH units.

Test #4

The addition of ANN to the influent wastewater was shown to be
highly beneficial to the filter performance. The filters exhibit
higher initilal flow rate after the cleaning cycles. The pH upset
controls which had been implemented were concluded to be adequate
for further testing.

Test #5

The water used in the baseline contained a high aluminum
concentration from the heel remaining in the wastewater
collection tank after Test #4. This quantity of aluminum was
apparently sufficlent to improve the filter performance to such
an extent that cnly a small increase in performance was observed
after additional ANN was added.

Test #6

The ETF sump water used in Test #6 was collected in the
wastewater collection tank over a perlod of several weeks.
Significant bacterial growth occurred during this time, yielding
a bacteria count of over 9.0E8 cells/mL. After acid addition the
bacteria density dropped dramatically, probably due to lysing of
the bacterial cells. Laboratory tests have shown that lysed
bacteria cells foul the filters as quickly as intact cells, so
this would not account for the increased performance after acid
addition. The amount of iron in the feed solution increased
after acid addition and could have contributed to the improved
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performance. The source of iron is probably precipitated
material in the bottom of the wastewater collection tank which
dissolved upon acid addition, or could have been an impurity in
the acid. The large improvement in filter performance in this
test 1s attributed to the ANN addition and maintenance of a
steady pH during the test runs.

Test #7

The filtration of retention basin water has caused the most
severe fouling of any wastewater observed thus far. The addition
of ANN increased the fillter flow rate to 60 GPM (after one hour
online). Subsequent addition of iron nitrate increased the
performance only about 5 GPM above that observed with ANN. The
quantity of ANN added was significantly higher than that which
had been recommended from the laboratory tests. Further studies
with different ratios of iron and aluminum are needed to
determine the relative magnitude of the benefits.

Effect of Bacteria

The fouling due to low concentration of bacteria (<9.00E+04
bacteria/mL) has been shown to have a negligible influence on
filter performance. Based on prior studies, intermediate fillter
performance (40 - 75 GPM/filter) would be expected when
processing wastewater cowutaining 1.0E+05 to 1.0E+06 bacteria/mL.
For bacteria levels >1.0E+06 bacteria/mL, performance of the
filters drops dramatically. Baseline performance tests in #6 and
#7 showing >80% flux loss in two hours, 1llustrating the dramatic
effect that biological material can have on performance of the
filter system. This is the type of water where use of ANN shows
the greatest improvement in filter performance. The wastewater
used in Test #7 is expected to also contaln other biological
debris such as algae, as well as colloildal clay particles.

Effect of Temperature

It 1s possible that the lower flow rate observed during some of
the runs 1s partially due to the low temperature of the
wastewater (as low as 14° C). The calculated flow rates were not
corrected for temperature variations. It has been shown that the
temperature dependence on the clean water permeability of these
ceramic filters 1s approximately 1.7%/degree C. This was
particularly significant in Test #7, which was run during cold
weather in December.

Effect of Aluminum Addition

It 1s apparent that the permeability of the Norton filters
improved after ANN addition, compared to the baseline, in tests
3~7. The lower permeabilities observed in Tests 1 and 2 have
been attributed to overloading the filter with solids and pH
upsets. The higher permeabilities observed with the aluminum
nitrate could be partially attributed to the higher initial flow
rates due to using cleaner filters. Improved initial flux was
also observed in laboratory experiments with simulant solutions
containing ANN. The higher initial flow rates are attributed to
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an imp%ovement in the cleaning cycle effectiveness. Significant
differences in initial flow rates are often seen during normal
operation, Improvement in the initial flow rate for the ANN runs
versus| the baseline can be seen in most cases. Only in Tests 2
and 5 is this improvement not observed, where the presence of a
higher' than normal level of aluminum in the raw wastewater
probably minimized the improvements due to added ANN. The source
of aluminum has been attributed to the residual tank heel in the
WWCT from previous tests.

Based upon laboratory observations, the use of aluminum nitrate
is not expected to have a large impact on wastewater containing
low densities of bacteria. The benefit from aluminum nitrate is
expected to be found in the processing of wastewater containing
moderate-to-high concentrations of bacteria. In this case, the
precipitated aluminum hydroxide probably both absorbs onto the
bacteria and acts as a pre-coat on the filter. The bacterial
debris is unable to adhere to the fillter, making subsequent
cleaning easier. These observations were confirmed during the
ETF tests. Tests with low bacteria density wastewater showed
only a 1 to 2-fold improvement with ANN addition. Tests 6 & 7
showed 3 to 4-fold improvement. Overall, the flux for the ANN
runs showed less dependence on bacteria concentration when
compared to the baseline runs.

No effect con the ETF effluent to outfall H-016 was detected
during the testing. The NPDES samples on treated water measured
<0.050 mg/L of aluminum, which is the same level detected during
non-test periods. An analysils of fililter permeate during Test #1
indicated 0.3 mg/L of aluminum, while the fillter feed solution
was up to 135 mg/L. As expected, the added aluminum 1s nearly
all removed by the filtration system, and the remainder 1is
removed by the reverse osmosis system.

Effect of Iron Addition

Test #7 examined the observation from laboratory tests where iron
nitrate and aluminum nitrate act synergistically to improve
filter performance on retention basin water. Based on the
performance of the filter during the ETF test, it appears that
the addition of iron resulted in only a modest increase in
performance. However, this benefit may be pavtially due to the
higher initial flow rate which 1s due to easier cleaning when
using ANN. (The iron and aluminum test was conducted on a filter
after an ANN run.) The normalized flux (J/Jo) data for Test #7
are shown in Figure 8. Normalization of the data eliminates the
variability of the initial flow rates and allows direct
comparison of the runs. It appears from Figure 8 that the rate
of fouling is virtually identical for the runs before and after
iron addition. Therefore, the synergistic benefit of iron
addition has not been fully demonstrated, perhaps due to the
ratios of iron and aluminum which were used. More testing is
required before the effect of this interaction can be quantified.
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pH Control

The sensitive dependence of fillterabilty on the pH of the
wastewater containing ANN was observed early in the testing.
Substantial effects on the filter permeabllity were observed
which were due to pH excursions on the filter runs, as shown most
clearly in Figure 3. Some recovery of the permeability occurred
after the event, but this normally could not be maintained. The
pH upsets were caused by the batching of the caustic day tank or,
in some cases, by large varlations in the flow rate into the pH
adjustment system. Batching of the caustic day tank involves
addition of concentrated caustic and subsequent dilution. The
caustic concentration in the tank changes rapidly, causing pH
adjustment problems in the filter feed system. The day tank was
batched more frequently during some tests (i.e. Test #3) because
of the extremely low pH of the wastewater and somewhat due to the
increased amount of aluminum(III) ion. It 1s expected that pH
upsets result in formation of smaller, more gelatinous
precipitates which foul the filter more rapidly.

The initial testing of aluminum nitrate identified problems with
maintenance of the pH control and subsequently the fllter flow
rates. Several changes were implemented to correct this. The
concentration of sodium hydroxide in the caustic day tank was
reduced from 7-8 wt.% to 3-4 wt.%, which was the original design
concentratlion. The dilution of the caustic day tank produced
significant improvements in the ability to maintain a stable pH
during operation in Test #3. This stable pH then contributad to
the improvement in filter performance. Unfortunately, this
dilution also led to more frequent batching of the caustic day
tank, and thus contributed to the problems revealed in Test #3.

After test #3, further pH controls were made to lessen the effect
of pH upsets during the ANN tests. The pH of the WWCT was kept
above 2.0 (except for Test #6 where 1t was 1.7). This resulted
in less severe fluctuations in pH and fewer upsets. Also, the
control room operators were instructed to shutdown the filter
immediately 1f a low pH alarm was received. The low pH alarm is
set at 6.0 and the holdup volume in the filter feed tank (~1000
gallons) allows time for the operator to react to the alarm
before the water reaches the filter. The pH would then be
allowed to return to the control setpoint and the filter
restarted. Further improvements are planned, which include
changes to the caustic day tank operation by adding the caustic
and water simultaneously, at the proper ratlio, to eliminate the
problem with the initial high caustic concentration in the tank
during make-up.

CONCLUSIONS AND RECOMMENDATIONS

The greatest benefits of using aluminum nitrate are in the
mitigation of fouling due to moderate-to-high concentrations of
bacteria and in the improvement of the cleaning cycle efficiency.
The detrimental effect of pH upsets have been lessened through
the improvements already implemented. Planned improvements and
operator diligence should virtually eliminate this problem in the
future. Although severe bacterial fouling may not be completely
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remedlated by the addition of aluminum nitrate, it 1s evident
that fillter performance can be greatly improved. This is
especlally true for non-routine influent stream which currently
cannot be processed at the ETF due to severe filter fouling.

Testing of the synergilstic behavior of aluminum nitrate and
lron(III) nitrate 1s not yet conclusive. Seasonal effects in the
basins should be examined to determine 1f ANN/iron(III) nitrate
is effectlve for all cases. Therefore, 1t 1s recommended that
the addition of ANN and iron(III) nitrate be studied further at
the F/H-ETF after provisions for these recommendations are
completed. The effect of added aluminum nitrate on the
filterability of wastewater containing hlgher concentrations of
bacteria (i.e. ETF outside sumps) also warrants further testing.

It would be highly beneficial to the mlssion of the ETF to
continue using ANN and iron(III) nitrate both for test purposes
and for normal operation on an "as-needed" basis. Addition of
the chemicals to the WWCT could be continued in the same fashilon
as during the testing phase until more permanent equipment could
be designed and installed. The ANN solution 1s added from a
portable tank which is stored within the ETF Organic Removal area
so that any leaks or spills will drain into the area sump. The
ANN solution is pumped to the WWCT using the existing carbon bed
dewatering pump (this pump is only needed ~once per year). The
iron(III) nitrate 1s first dissolved in water in a 55-gallon drum
and pumped to the WWCT. All additions would be noted in the
operating logbook.

IMPACT OF RECOMMENDATIONS

The SRL and ETF tests have shown that the target concentrations
for aluminum and iron are 5-20 mg/l for aluminum and 10-20 mg/1
for iron. Additions at these levels will result in a minimal
increase 1in waste concentrate to Tank 50/Z-area (~1000 gallons of
additional waste concentrate per 1,000,000 gallons of
wastewater), while not affecting the quality of the effluent to
outfall H-016,
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