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ABSTRACT

REMOVAL OF NUTRIENTS BY SORPTION ON ACTIVATED ALUMINA

by Checkman V.. Yue

Advisor: Dr. Sotirios G. Grigoropoulos

1974

Rolla, Missouri

The nutrient enrichment of surface, primarily impounded, water
and the associated problems of accelerated eutrophication and prolific
algal growth have become a nationwide concern. Phosphorus and nitrogen
are considered to be the key elements in abating eutrophication
and are contributed from many sources, natural and manmade; prominent
among these is the discharge of domestic and industrial wastes.

The purpose of this study was to evaluate the removal of nutrients,
primarily phosphorus and nitrogen, with activated alumina using a
continuous-flow pilot plant system. Specific objectives were the:
development and construction of appropriate bench and field.scale
pilot plant units utilizing the rapid mix-sedimentation and column
operational modes; evaluation of the efficiency of nutrient removal

from wastewater plant effluent; and investigation of the regeneration

characteristics of the spent aluminas,
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The work was conducted in 2 phases: laboratory studies, undertaken

to develop design and operational criteria for the pilot plant units
and to establish the regeneration characteristics of exhausted aluminas;
and field investigations, employed to evaluate the efficiency of
nutrient removal by fresh and regenerated aluminas under actual plant
conditions, and to project approximate chemical costs. Three types of
alumina, F-1 (~325)," F-1 (~100), and F-1 (28-48), were evaluated.
Secondary effluent from the Rolla Southwest Sewage Treatment Plant was
used in the laboratory and field studies. Major parameters employed ine
cluded phosphorus (Poly+ortho), nitrogen (NH3’ Org, NOB' and Noz), coD,
TSS, turbidity, and pH. The exhausted aluminas were treated with 1M
sodium hydroxide followed by a water wash. Doses ranging from 0,085
(rapid mix-sedimentation system) to 0.096 (column system) g OH /g
alumina, were required, and the regenerant and wash water constituted
1.4 to 4.6 percent of the volume of the secondary effluent treated,

- The F-1 (~325) and F-1 (~100) aluminas in the rapid mix-
sedimentation mode, and the F.1l (28-48) alumina in the column mode
substantially reduced the phosphorus content, but did not significantly
affect the total nitrogen concentration of the highly nitrified
secondary effluent. The removal of phosphorus averaged 76 percent in
the‘rapid mix-sedimentation system, and in excess of 88 percent in the
column system, from an average influent concentration of 7.2 mg P/l;
the column system could also effect essentially complete removals of

phosphorus, but at significantly reduced volumetric throughputs,

*The aluminas were products of the Aluminum Company of America,
Pittsburgh, PA; the number in parenthesis indicates mesh size.
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The removals of NHB.N and Org-N ranged from 10 to 30 and from 56 to 75
percent, respectively, and the corresponding influent concentrations
were 1,24 and 0.40 mg N/1; less than 4 percent reduétion was obtained
in NOs-N, which at 12.5 mg N/1 represented more than 87 percent of

- increased by 0,02 to 0,07 mg N/1. The

2
effluent from the rapid mix.sedimentation system had approximately 30

total nitrogen, while NO

percent less COD, however, discharge of alumina particles increased
its TSS concentration by an average of 100 [F-1 (-100)] to 822 [F-1
(-325)] percent; the column effluent had 35 percent less COD, and
except for initial wash-out of alumina fines, the TSS concentration
was not significantly affected.

The average sorptive capacity of fresh F-1 (-325), F-1 (-100), and
F-1 (28.48) aluminas, based on phosphorus data, was 4.5, 3.4, and 7.8
(6.1 at column breakthrough) mg P/g, respectively. The reclaimed
aluminas lost approximately 34 percent of their sorptive capacity
following the 1st regeneration and an additipnal 22 percent following
the 2nd regeneration; this loss could have resulted in part from coating
of the alumina particles by calcium carbonate.

The cost of phosphorus removal by sorption on activated alumina
was significantly higher than the corresponding cost of treatment by
chemical precipitation; however, the sorption process was capable of
effecting essentially 100 percent removal of phosphorus and should
be considered when the required degree of treatment cannot be obtained

by the precipitation method.
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I. INTRCDUCTION

The nutrient enrichment of surface, primarily impounded, water and
the associated problems of accelerated eutrophication and prolific algal
growth have become a nationwide concern. These nutrients are
contributed from many sources, natural and manmade; prominent among
these is the discharge of domestic and industrial wastes,

The composition of typical green énd blue-green algae is shown in
Table I. Nutrients needed in macro quantities are carbon, nitrogen,
phosphorus, sulfur, calcium, magnesium, potassium, and sodium; of
these, only carbon and nitrogen are major components of the algal cell
material and all other elements, including phosphorus, generally
constitute less than 1 percent of the dry cell weight. Carbon, which
comprises 35 to 50 percent of the algal tissue and is derived
principally from carbon dioxide, and nitrogen and phosphorus, which are
contributed to wastewater in large amounts by human and household wastes,
have been considered to be the appropriate points of attack for eutrophi-
cation control., The other elements are not thought to be important in
algal control because of the chemical composition of natural waters and
the relatively small increments added‘from cultural sources (1).

Kuentzel (2), after reviewing the literature, advocated that
carbon would be the growth-limiting factor for algae. His conclusion
was primarily based on the findings of a laboratory study by Lange (3);
however, this work was conducted under conditions of high nitrogen and
phosphorus and low carbon dioxide concentration, which are not
comparable to natural conditions. Kuentzel also considered information
reported by MacKenthun, et al. (4) on an algal bloom in Lake Sebasticook,
ME, which indicated that over a period of 1.5 days during the bloom the



TABLE I. COMPOSITION OF GREEN AND BLUE-GREEN AI.GAE*

Composition Green Blue-green
Element Content Spirogyra Cladophora Anabaena Microcystis
Carbon 42.40 35.27 49,70 46,46
Nitrogen 3.01 2,30 9.43 8.08
Phosphorus - 0.20 0.56 0.77 0.68
Sulfur % 0,27 1,58 0.53 0.27
Calcium 0.57 1,69 0.36 0.53
Magnesium 0.45 0.23 0.42 0.17
Potassium 0,92 6,08 1.20 0.79
Sodium 1.42 0.18 0.18 0.0k
Iron 1,368 2,300 80 322
Manganese 1,641 1,040 800 2,751
| Z2ine mg/kg 72 10 - 48
Copper L7 190 70 37
Boron y 85 - L

*Reported by Sawyer (1).




soluble phosphorus content never exceeded 0.01 mg P/1l; on these grounds,
Kuentzel theorized that since there was not a sufficient supply of
phosphorus present to provide for the amount of algal growth observed,
this element could not have been the growth-limiting factor and
concluded that carbon must limiting. It is known and generally
accepted, however, that algae take up phosphorus in excess of their
immediate requirement (luxury uptake) and release it at a later time,
and that soluble phosphorus is not the only form available to algae,

The photosynthetic activity of blue-green algae can be continuous in
the presence of a carbon dioxide concentration as low as 2.5 pmoles/l
(5). Carbon dioxide in water is contributed from variety of sources,
such as the atmosphere, bicarbonate-carbonate alkalinity, microbial
decomposition of organic matter, and decarboxylation of humates (2,5,6),
and limiting its concentration would be difficult. The advocacy of
limiting carbon dioxide to control eutrophication has been disputed by
Sawyer (1), Massey and Robinson (7), King (8), and Goldman, et al. (9)
for several reasons, including the following considerations: eutrophica-
tion has occurred in numerous instances even when a high degree of
secondary treatment had been applied to wastewater before discharge (1);
carbon dioxide is always present in the atmosphere and enters the

water at increasing rate at pH levels above 8.0 (pH values in excess

of 10.0 have been measured in natural waters with active algal growth)
(1,7); bacterial degradation of algal tissue releases carbon dioxide

to the ecosystem (1,7); natural waters are buffered by a carbon dioxide-
bicarbonate and carbonate alkalinity complex, and except for acid or low
alkalinity waters, this complex would constitute an adequate storehouse
of carbon dioxide (1,7,8,9); eutrophication control by limiting carbon :



availability would result in predominance of nuisance blue-green algae
(8); and maximum growth of 2 species of freshwater green algae has
been found to occur at carbon levels far below those present in most
natural waters (9).

A great deal of thought and study has been applied to the removal
of nitrogen and phosphorus from sewage effluent. Early studies had
shown that both elements could be removed almost completely by activated
sludge treatment, if the sewage were fortified with adequate amounts of
carbohydrate matter (10); however, use of carbohydrates would increase
sludge handling requirements and would not be economically feasible for
most situations. The removal Qf all forms of nitrogen (ammonia,
organic, nitrate, and nitrite) by means of a single treatment would be
extremely difficult (11), and furthermore, some species of blue-green
algae, with great nuisance potential, are capable of fixing nitrogen
from the atmosphere (8,12). Consequently, attention has been focused
on limiting the supply of phosphorus as the only practical alternative
for algal control. This is exemplified best by the fact that as of
June 1971, 16 states had adopted wastewater effluent standards for
phosphorus which specify either an effluent concentration limit ranging
- from 0.1 to 2.0 mg P/1 or a reduction ranging from 80 to 95 percent
(13). It should be pointed out, however, that Sawyer (14) has
questioned whether phosphorus removal alone will be enough to control
eutrophication satisfactorily. In addition, ammonia above a certain
critical limit [1.5 mg N/1 at pH levels of 8.0 or higher (15)/ becomes
toxic to fish and aquatic 1ife; Also, ammonia present in a wastewater
effluent can exert a singnificant demand for dissolved oxygen in the
receiving water, which in view of the more stringent effluent



requirements, must be considered in wastewater treatment design; this
is illustrated by the following tabulation which reflects the

relationship between carbonaceous and ammonia oxygen demand before and
after treatment to remove 90 percent of the organic matter (16).

Parameter Raw Wastewater Treated Effluent
Organic matter, mg/l 250 25
Ammonia, mg/l 25 20
Oxygen demand, mg/l

Due to organic matter 375 37

Due to ammonia : 112 90

Total 487 127
Oxygen demand due to ammonia,

% of total 22 71

It can be seen that even after the efficient removal of carbonaceous
material from municipal wastewater by either conventional biological or
physical-chemical processes, the effluent would still discharge nearly
100 mg/1 of nitrogenous oxygen demand.

Much of the work which has been undertaken to date in the area of
nutrient control has emphasized the removal of phosphorus. Biological
uptake in a typical wastewater treatment plant would only account for
20 to 30 percent removal of the influent phosphorus (17). Although
there are some exceptions, notably the Rilling Plant in San Antonio and
the Back River Plant in Baltimore, where removals up to 80 or 90 percent
have been reported (18.20), normally domestic wastewater does not
contain sufficient organic carbon» to enable production of enough
microbial cells to incorparate all available phosphorus and nitrogen
(10,17). Chemical precipitation using lime, alum, or ferric salts has
been found effective in removing phosphorus and has been employed during
primary, secondary, or tertiary treatment (21.26), Chemical
precipitation, however, would also render certain undesirable effecis to



the treated water, including an increase in sulfate ion concentration
when alum or ferric salts are used, an addition of calcium ions
accompanied with pH values as high as 11 when lime is employed, and

a disappearance of higher forms of microorganisms in the mixed liquor
during alum dosing in the aeration tank (23,27,28). Furthermore,
chemical precipitation does not remove any forms of nitrogen from
wastewater. Sorption on high surface area activated alumina has also
been found to be effective in removing phosphorus. Yee (29,30)
pioneered this work testing the removal of phosphorus from a low-level
radioactive waste and a synthetic waste by means of a small activated
alumina column, He reported that the column could reduce the
orthophosphate concentration by more then 99 percent without altering
the chemical composition of the treated water, and that the exhausted
alumina could be regenerated for reuse with sodium hydroxide and
nitric acid. Subsequent studies by Neufeld and Thodos (31) using a
synthetic waste, and by Ames and Dean (32,33) and Yue and Purushothaman
(34,35) using both synthetic wastes and treatment plant effluents have
generally confirmed Yee's findings; however, the latter investigators
found that the exhausted alumina could be satisfactorily regenerated
with a sodium hydroxide solution alone (32,35), and that the chemical
composition of the treated water was changed (34,35). These studies
were conducted using small bench.scale column beds whose volume ranged
from 2 (Yee) to 1,000 ml (Ames and Dean). There is a need, therefore,
to extend this work by obtaining experimental data from the operation
of larger pilot plant beds which can be expected to more closely reflect
actual operational conditions. This has been recognized by Ames (32)
who has recommended that *.,. this prowising phosphorus removal process



be scaled up to a portable pilot plant size."
Attention has been recently focused on the removal of nitrogen

from wastewater, and a 3.stage biological nitrification.denitrification
system has been found capable of providing dependable and consistent
performance but at high capital and operational costs (36-39). In this
process, following the oxidation of carbonaceous matter, ammonia
nitrogen is converted to nitrate nitrogen and then, in the presence of
a supplementary carbon source, nitrates are reduced to nitrogen gas
vwhich is released to the atmosphere., Air stripping has also been
found effective in removing ammonia from a high pH wastewater stream,
which can be obtained by combining this process with lime precipitation
for phosphorus control (40.42). However, this scheme has encountered
some operational difficulties, such as scaling produced within the air
stripping tower from atmospheric carbon dioxide and excessive calcium
ions in the water, and freezing which occurs when the wet-bulb
temperature within the tower drops to the freezing point. In addition,
the efficiency of this process is greatly affected by the pH and
temperature of the wastewater; and ammonia is readily soluble in water
and when it is liberated to the atmosphere it will be absorbed and
returned quickly to the water environment. Ion exchange, using either
a clinoptilolite bed or a synthetic anion resin bed, has also been
investigated as a means for removing nitrogen compounds from wastewater
(15,39,43-46), One disadvantage of this process is the required
pretreatment of secondary effluent and the complexity and high cost of
operation (15,44), Furthermore, the organic material in the wastewater
tends to foul the resins by selective adsorption on the resin particles,
while the high volumes of regenerant wastes make the feasibility of the



process questionable (39,44). The use of activated alumina to reduce
the nitrogen content of treated wastewater has not been reported in the
literature; however, on the basis of sorptive characteristics presented
by Ames (32), it is believed that activated alumina in the absence of
ions such as oxalate, fluoride, and sulfite might be capable of
effeétively sorbing some forms of nitrogen, primarily nitrate and
nitrite, Consequently, this method warrants investigation as a
tertiary treatment step.

The requirement by some regulatory agencies of an effluent
phosphorus concentration as low as 0.1 mg P/1, coupled with increasing
concern over the removal of nitrogen, makes sorption on activated
alumina particularly promising as a nutrient control method. Previous
studies have been conducted in the laboratory and have employed small,
bench.scale alumina columns. Column operation offers the advantage
of ease of regeneration and backwashing of the bed; however,
difficulties have been encountered (34,35) with smaller grain size
aluminagswhich in a given contact period were found to possess a higher
sorptive capacity and faster sorptive rate than the coarser materials,
Rapid mix followed by sedimentation might be a means of overcoming
these difficulties; this approach should reduce chemical costs because
it will enable use of the more effective finer-grained aluminas, but
would at the same time complicate the regeneration of the used alumina,
thereby increasing operational costs. No work has been conducted with
a rapid mix-sedimentation system, other than limited jar-type studies.

The purpose of this research project was therefore to evaluate
the removal of plant nutrients, primarily phosphorus and nitrogen,
with activated alumina using a continuous-flow pilot plant system.



The specific objectives of the study were: (a) to develop and
construct appropriate bench and field-scale pilot plant units utilizing
the rapid mix.sedimentation and column operational modes; (b) to
evaluate the efficiency of nutrient removal from wastewater treatment
plant effluent; and (¢) to investigate the regeneration characteristics
of the exhausted aluminas,

The work was conducted in 2 phases: laboratory studies, under-
taken primarily to develop design and operational criteria for the
pilot plant units and to establish the regeneration characteristics
of the exhausted aluminas; and field investigations, employed to
evaluate the efficiency of nutrient removal by fresh and regenerated
aluminas under actﬁal plant conditions, and to project an approximate
chemical costs of the rapid mix-sedimentation and column systems.

Three types of alumina, F-1 (=325)," F-1 (~100) and F-1 (28-48),were
evaluated. Secondary effluent from the Rolla Southwest Sewage Treat-
ment Plant was used in the laboratory and field studies, Major

parameters employed included phosphorus (Poly+orthof), nitrogen (NH3

Org, NO,, and NO,), COD, TSS, turbidity, and pH. The exhausted aluminas

3!
were treated with a 1M sodium hydroxide solution, followed by a water

wash,

*The aluminas were products of the Aluminum Company of America,
Pittsburgh, PA; the number in parenthesis indicates mesh size.
**For standard abbreviations used in this dissertation see Appendix B.
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II. REVIEW OF LITERATURE

The purpose of this literature review is to present information
pertinent to the removal from treated wastewater of phosphorus and
nitrogen by sorption and ion exchange. Sorption on activated alumina
has been found effective in removing phosphates from sewage treatment
plant effluent, while ion exchange using clinoptilolite and other
strong-hase anion resins has been reported capable of removing
ammonia and possibly phosphates and nitrates,
A. REMOVAL OF PHOSPHCORUS BY SORPTION

Yee (29,30) in 1965 reported the findings of bench scale and pilot
plant studies undertaken to investigate the reduction of phosphorus
by sorption on activated alumina, In the bench scale tests, he
evaluated the sorptive capacity of 3, 80-200 mesh activated aluminas:”
ALCOA F.1 and ALCOA F-20 (a chromatographic grade), both with a surface
area of 250 sq m/g, and ALCOA H-51, with an area of 400 sq m/g. He
employed 2.ml columns, packed with either "as received® or nitric acid-
treated aluminas, which were operated in the downflow mode at linear
flow rates of 1 and 5 cm/min; the corresponding hydraulic loadings
were 0,25 and 1.25 gpm/sq £t (10.2 and 50.9 1/min/sq m) and the liquid
detention times were 10 and 2 min, The colm were fed tap water
containing either sodium orthophosphate, tetra-.sodium pyrophosphate,
penta-sodium pyrophosphate, or hexametaphosphate at concentrations of
1.6 and 8.2 mg Pf1; the pH of the feed solutions ranged from 7.3 to 7.8.
Yee presented breakthrough curves for the F-l alumina which would
indicate that this column had the lowest sorptive capacity for
orthophosphate; and reported that the acid.treated F-1 alumina column

*Products of the Aluminum Company of America, Pittsburgh, PA.
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could produce 3,000 and 1,000 cv* of effluent with more than 99 percent
reduction in orthophosphate when fed water containing initial
concentrations of 1.6 and 8.2 mg P/1., He also stated that the alumina
column would become ineffective if the phosphate solutions were
prepared ﬁith demineralized or distilled water,

In the pilot plant study, Yee employed low level radioactive
process wastewater from the Oak Ridge National Laboratory which
contained mixed phosphates ranging from 0.3 to 1.0 mg P/1 and suspended
matter whose concentration was not given, The presence of SS made
it necessary to perform the tests in the upflow mode, and 3, 200-ml
columns, each containing 1 of the aluminas, were operated at a linear
flow rate of 22 cm/min [a loading rate of 5.5 gpm/sq ft (224 1/min/sq m)
and a detention time of 2 m:.n] . Breakthrough curves, presented for the
F-1 and H-51 aluminas, would indicate that a maximum phosphate removal
of only 80 percent was obtained at the beginning of the runs with
wastewater containing 0.3 mg P/1. Complete breakthrough occurred at
about 33,000 cv for the F-1 alumina, while at the same time only 75
percént breakthrough was observed for the H-51 alumina; phosphate
sorption then resumed with increasing efficiency and continued until
40,000 cv, the end of the run, when it had reached a value of 63
percent for the F.1 and 50 percent for the H-51 columns. No data were
presented for the F-20 alumina, but Yee reported that it had about the
same capacity as the F-1 type. The exhausted aluminas were regenerated
with 2 cycles of 1M sodium hydroxide to remove more than 95 percent of
the sorbed phosphates, and 1 cycle of 1M nitric acid to convert the

*Column or bed volumes.
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alumina to the acid form for reuse; 1 additional cycle of the
hydroxide solution was required for the F.20 alumina. Losses during
regeneration ranged from 5 percent for the F.20 to 8 percent for the
F-1 to 35 percent for the H.51 aluminas, Considering the performance,
regeneration characteristics, and economics of the 3 aluminas, Yee
concluded that the F.l bed, with an estimated 8 percent loss at each
regeneration cycle, represented an optimum material for use., According
to Yee the aluminas, at the pH range tested, did not change the
chemical composition of the treated water,

Neufeld and Thodos (31) conducted column studies using 28-48 mesh
ALCCA F-1 alumina in order to determine the removal of phosphorus from
distilled water with added orthophosphate. They employed a short
column bed (4.5 cm diam, 1,97 cm high) and a long column bed (4.2 cm
diam, 26 cm high) and operated both in the upflow mode. The alumina
was sequentially pretreated by washing with distilled water, contacting
with 1M nitric acid, and drying overnight in an oven at 125° C; it was
then weighed and packed between layers of glass wool in the
borosilicate glass columms, Five runs were conducted using the short
column bed with the flow rate ranging from 14,2 to 130 ml/min [0.22 to
2.01 gpm/sq £t (9.0 to 81.8 1/min/sq m) loading rate and 2.2 to 0.24
min liquid detention time/ and the initial phosphorus concentration
varying from 3.3 to 9.8 mg P/1; and 2 runs were made with the long
column bed using flow rates of 30.5 and 58.1 ml/min [0.54 and 1.03
gpm/sq ft (22.0 and 41,9 1/min/sq m) rate; 11.8 and 6.1 min detention/
and an initial phosphorus content of 39.2 mg P/1. The temperature was
maintained at 71° F (21° C) throughout all runs. A breakthrough curve

was presented for a short bed run; the colurm contained 31.3 g of
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alumina and was operated at 21.5 ml/min [b.33 gpm/sq £t (13.4

1/min/sq m)]. The bed processed 14.8 1 of effluent with 100 percent
removal of phosphate from an initial concentration of 3.3 mg P/1.
Neufeld and Thodos, on the basis of their experimental data, developed
a mathematical model to describe the mechanism of sorption and evaluate
the sorptive capacity of the alumina.

Winkler and Thodos (47) employed a differential bed to establish
the reaction kinetics associated with the removal of phosphates from
aqueous solutions at concentrations ranging from 4.9 to 16.3 mg P/1
using the ALCOA F-1 alumina, The differential bed consisted of a
borosilicate cylindrical glass tube (4.7 cm diam) and was equipped
with 2 stainless steel screens separated by a thin Teflon ring
(4.1 cm diam). The volume between the 2 screens constituted the
differential bed and could be varied by inserting the rings at
different heights. Winkler and Thodos established the forward and
reverse rates of reaction using a flow rate of 200 ml/min [2.9%
gom/sq £t (119.6 1/min/sq m)] and particle size of 50-60 mesh, which
were selected on the basis of evaluation tests in order to eliminate
the effects of film and particle diffusion. They found that the
reaction kinetics of the removal of orthophosphates from aqueous
solutions using activated alumina at equilibrium produced a relationship
conforming to an adsorption isotherm of the Freundlich type; this
obervation has also been made by other investigators (34,35). Winkler
and Thodos concluded that the reaction rate depended on the concentra-
tion of the nitric acid solution used to activate the alumina; however,
this finding is not in agreement with other information presented
in the literature (32-35), and has been revised by Gangoli and Thodos
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(48) on the basis of results obtained in an experimental study.
Gangoli and Thodos (48) conducted batch equilibration studies
using 2 ALCOA aluminas, F-1 and AHB, and fly ash and phosphate
solutions in distilled water. The large size (5-6 mesh) AHB alumina
was contacted with phosphate solutions containing from 0.04 to 7.5
mg P/1 in borosilicate erlenmeyer flasks kept in a constant temperature
bath maintained at 70° F (21° C), The samples were allowed to reach
equi}ibrium over a period of 30 to 35 days. occasionally being
subjected to manual agitation., Both "as received" and acid-treated
aluminas were evaluated; the latter was prepared by contacting a
preweighed quantity of alumina with a nitric acid solution (0.25, 0.5,
and 1.0N) for 24 hr, washing the alumina with distilled water, and
drying it by rolling in cheesecloth. The equilibration studies with
the small (270 mesh) F-1 alumina and fly ash consisted of contacting
the fine particles with phosphate solutions at concentrations varying
from 0.03 to 16.6 mg P/l in baffled florence flasks equipped with
magnetic stirrers. Equilibration was reached within 2 hr contact
time at room temperature (24° C). The effect of the pretreatment of
the fly ash was also investigated; a preweighed sample of the ash was
contacted with standard (0.25 and 0.5N) solutions of nitric acid and
hydrochloric acid and sodium hydroxide (0.25N), and the ash was then
separated from the solution by filtration., Acid-treated F-1 alumina was
not evaluated by Gangoli and Thodos, however, these authors have referred
to the results previously presented in Winkler and Thodos (31) for
comparative purposes. They concluded that the sorptive capacity for
phosphates was greatest when the 3 sorbents were used without any
pretreatment, and that the AHB alumina possessed the lowest capacity
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for the removal of phosphate, while the F-1 alumina and fly ash seemed
to have comparable capacities.

Ames and Dean (32,33) have investigated the sorption of
phosphorus on activated alumina using a synthetic secondary sewage
plant effluent and effluent from the Richland, WA, trickling filter
plant, Several 76.ml colummns (1.1 cm diam, 8.0 cm high) packed with
different aluminas were used in a series of tests with synthetic
secondary effluent containing 3.5 to 10.3 mg P/1 to study the effects
of the particle surface area and size, presence of caleium and -
magnesium ions, and phosphorus concentration on the sorptive capacity
of these materials, The small columns were operated at a flow rate
ranging from 30 to 35 cv/hr [0.98 to 1.18 gmm/sq £t (39.9 to 48.0
1/min/sq m) rate; 2 to 1,7 min detention/, and ne information was
given on the type of flow employed. The exhausted beds were used
for regeneration and subsequent phosphdrus reloading studies, In
order to verify the findings obtained from the small columns using the
synthetic secondary effluent and to evaluate the effect of the elution
method on the subsequent reloading of phosphorus, Ames and Dean fed
Richland trickling i"ilter plant effluent to a 1000-ml column (1.5 cm
diam, 49 cm high) packed with 28.48 mesh alumina. The plant effluent,
which contained an average of 10 mg P/1, was pumped through a 7.6-cm
diam, 60.cm high granulated charcoal column before passing to the
alumina column at flow rates of 15 to 5 cv/hr [3 and 1 gmm/sq ft
(122,1 and 40,7 1/minf/sq m) rate; 4 and 12 min detention/. Ames and Dean
reported that from 95 to more than 99 percent of the phosphorus was
removed from the synthetic secondary sewage effluent by the alumina
beds, providing an effluent concentration of 0.03 mg P/1 or less.
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The same phosphorus removal results were obtained with up to 500 cv of
Richland plant effluent, The exhausted alumina beds could be satisfac.
torily regenerated with 8 cv of 2M sodium hydroxide solution, and the
spent regenerant solution could be restored by the addition of a small
amount of lime to precipitate the phosphorus as hydroxyapatite and the
carbonate as calcite, producing only a small amount of solid waste.
Alumina losses of about 0,1 percent/elution cycle were reported. Their
data have also indicated that the presence of 60 mg/l calcium ions and
25 mg/1l magnesium ions in the influent waste increased the phosphorus
capacity of the column, while sulfate ion concentrations up to 4,800
mg/1 showed little effect.

Purushothaman and Yue (34,35) have conducted studies which were
primarily concerned with the capacity and efficiency of activated
alumina to sorb phosphorus, and with the regeneration of the used
alumina. The studies were conducted in 2 phases: batch tests under-
taken to determine the sorptive capacity of the alumina and the chemical
characteristics of the treated water, and continuous flow column
‘studies to evaluate the effect of flow rate and ionic concentration
on the sorptive process and verify the quality of the treated water,
The upflow, 174=ml columns (3.8 cm diam, 15,3 cm high) were packed
with 160 g activated alumina and were operated at flow rates of 8, 16,
and 33 ml/min [0.17, 0.34, and 0.71 gpm/sq ft (7.0, 1%4.0, and 28.9
1/min/sq m) rate; 21.8, 10.9, and 5.3 min detention/. Three types of
ALCOA aluminas, F-1 (28-48 mesh), ALCOA F-1 (-100 mesh), and ALCOA XM
(=325 mesh), were investigated in the batch tests, while column studies
were performed with only the F-1 (28.48 mesh) material., Three types of

water containing phosphorus were tested; deioniged and tap water to
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which potassium dihydrogen phosphate had been added at concentrations
varying from 10 to 30 mg P/1, and secondary effluent from a bench-scale
activated sludge unit which was operated for this purpose in the
laboratory. The exhausted alumina column was regenerated with 2
sodium hydroxide solution. Typical results obtained in the batch and
column studies are shown in Figure 1, Purushothaman and Yue found that
under a given contact period, the sorptive capacity for phosphorus of
the XM (-325 mesh) alumina was the best, and was followed by the F-1
(100 mesh) and F~1 (28-48 mesh) aluminas. When the XM (-325 mesh) and
F-1 (~100 mesh) aluminas were employed in column tests, some operational
difficulties, such as clogging of the columns or forming a stream line
through the becis, were encountered; these greatly reduced the effective
use of the bed. The F-1 (28-48 mesh) alumina column was found capable
of processing before breakthrough 130 1 (corresponding to 750 cv) of
secondary effluent containing 9.4 mg P/1, while effecting 100 percent
removal of phosphorus. The treated water in the batch studies showed a
marked change in quality, as measured in terms of pH, total alkalinity,
total and calcium hardness; the effluent in the column studies
initially exhibited a slight change in quality, but gradually retwrned
to the characteristics of the influent as breakthrough occurred., It
should be mentioned that this finding was contrary to that presented
by Yee (29,30) who reported that activated alumina did not alter the
chemical composition of the treated water.
B. REMOVAL OF NITROGEN AND PHOSPHORUS BY ION EXCHANGE

Eliassen, et al. (43) conducted a laboratory study to determine
the ability of Duolite A-102D.*' a strong-base anion resin, to remove

*A product of the Diamond Alkali Co., Western Division, Redwood City, CA.
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both phosphates and nitrates from secondary sewage treatment plant
effluent, They employed batch and continuous flow tests using a 15-in,
(38-cm) long glass column which was fed sand-pretreated effluent from
the Palo Alto, CA, activated sludge treatment plant; the column
diameter and the flow rate were not given. The batch system could
produce 200 cv of treated effluent with a residual phosphate concen-
tration of 0.2 mg P/1 and nitrate concentration of 1.8 mg N/1 from an
influent containing 7.6 mg P/1 and 18.4 mg N/1; the corresponding
removals were 97 and 90 percent, respectively. Significant removal of
organic matter, in terms of COD, ABS, and color, was also observed.
Chlorides increased as the other anions were exchanged for them, but
their concentration decreased during'the run as the resin bed became
exhausted. Regeneration was accomplished using 2 cv of 10 percent
sodium chloride solution., In the continuous flow tests,.each run was
continued to the point of bed exhaustion, or to about 300 cv of
throughput., The average phosphate and nitrate removals in the first
200 cv were approximately 95 and 84 percent, and were lower than those
obtained with the batch system. The removal of COD was about the same
as in the batch tests, but the color and ABS removals were not as
great, indicating some resin fouling. The exhausted beds could be
regenerated by recirculating 2 cv of a 10 percent sodium chloride
solution for a period of 20 min. However, because of the fouling
problem, Eliassen, et al. investigated the restoration of the resin by
other chemical and physical means. Chemical restoration consisted of
passing through the bed either 4 cv of 1M sodium hydroxide at a flow
rate of 3.4 cv/hr or 10 cv of equal parts of 1M hydrochloric acid and
methanol at a flow rate of 4.4 cv/hr. The sodium hydroxide treatment
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was effective in removing silica, which was not removed by the chloride
solution, while the acid.methanol treatment was effective in removing
ABS, and both treatments were effective in restoring resin capacity.
Physical restoration involved the addition of bentonite clay in the
backwash; the clay scrubbed the resin particles and removed organic
material that might have been present on the surface of the resin,
thereby keeping the bed in good condition. These investigators
recommended that the 2 chemical restoration treatments be used in

an alﬁemating manner, and that bentonite treatment be occasionally
employed.,

The feasibility of using ion exchange to remove pitrates and
phosphates from water and waétewater has also been investigated by
Midkiff and Weber (45) who undertook laboratory studies to determine
the operating characteristics, seiectivity, hydraulic loading, and
required depth of the resin bed., The experiments were conducted in
a 1l.in, (2,54-cm) diam, 4.ft (1.2.m) long plexiglas column with the
resin depth ranging from 3 in. to 3 ft (7.6 cm to 0.9 m), The resin
selected for use was Dowex 21K, type 1,* a strong-.base, 20.50 mesh
resin which could be‘ regenerated with sodium chloride in the presence
of organic fouling substances, The synthetic feed solution consisted
of distilled water containing 0.003 bicarbonates, 0.00iM sulfates,
0.00025M phosphates, and 00,0009 nitrates, and was pumped downward
through the colurn, For scale.up demonstrations, an additional
colum of 3 in. (7.6 cm) diam was operated in parallel with the
1.in. (2.54-cm) colum, No significant difference in performance

*A product of the Nalco Chemical Company, Chicago, IL.
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was found between the 2 columns, although the surface area of the
larger column was 9 times greater, and the authors concluded that
information obtained relative to the operating characteristics of the
1-in, (2,54~cm) column could be directly extrapolateable to resin
beds of greater surface areas,

Frontal analysis of typical breakthrough profiles revealed that
chloride and bicarbonate had selectivities of similar magnitude, as
both appeared in the effluent immediately; chloride, beiné on the
resin in high concentration, was initially the ion displaced in the
greatest quantity, and bicarbonate was forced ahead of the remaining
3 ions because of its low selectivity. The sulfate ion was the last
to break through which would indicate that the column was most
selective for this ion. Nitrate and phosphate broke through at the
same time (at 240 cv) and at the same rate, however, the phosphate
curve indicated greater magnitude of reverse exchange and thereby
greater selectivity., Midkiff and Weber (45) concluded that the order
of preference of the strong.base resin for ions in the solution tested
was

50, = HPO, = NO,” = HCO4”
and pointed out that the selectivity was not constant, but was
dependent to some extent on the ion concentration in solution. No
information was given on the operating conditions employed in this
study. To evaluate the effect of hydraulic loading, 5 column runs
were conducted under indentical conditions, except the loading rate
which ranged from 6.5 to 59 gpm/sq ft (265 to 2,401 1/min/sq m);
the colomn depth was not given. No significant difference in the
breakthrough curves could be attributed to the change in flow rate;



nitrate and phosphate broke through at a throughput of 200 cv and
sulfate at 400 cv. However, the authors pointed out that the strong-
base anion exchange resin used had a very rapid rate of reaction, and
suggested that sorption procesé.es in which the rate of reaction is
significantly slower will no doubt be considerably affected by
changing the flow velocity in colummar operation. The effect of bed
depth was investigated using columns containing from 12.5 to 150 g of
resin (the resulting colunm depth ranged from 7 to 34 cm) with all
other operating conditions being constant. Incipient leakage occurred
for each of the 3 ionic species (nitrates, phosphates, and sulfates;
bicarbonates were not determined) in the 7.cm beds; no initial break-
through of the sulfate or nitrate ions was noted for the 1lmcm bed,
but a slight leakage was observed for phosphate, Midkiff and Weber
considered the depth of 14 cm to be the approximate length of the
reaction zone and suggested that use of a longer columm would permit
a higher percentage of the bed to be utilized to complete exhaustion,
with a resulting higher efficiency of resin utilization. They defined
the length of the reaction zone as the region between 5 and 95 percent
breakthrough, and proposed that it could be determined by multiplying
the total bed depth by the ratio of the corresponding volumetric
throughputs,

A natural geolite, clinoptilolite, has recently received
considerable attention as a selective ion exchange resin for the
removal of ammonium ions from wastewater., Mercer, et al. (15,49)
chogse this material for study on the basis of its good ammonium ion
selectivity in the presence of magnesium, calcium, and sodium ions,
and its potential low cost. Laboratory experiments were conducted
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with 2.in, (5.1-cm) diam, 24-in. (61-cm) high column beds containing
20-50 mesh granular clinoptilolite. Effluent from the Richland, WA,
trickling filter plant containing 10.9 mg N/1 NHB-N was pumped upflow
through the bed at a flow rate of 16.6 cv/hr [h.1 gpm/sq ft (168.6
1/min/sq m) rate; 3.6 min detention/. Channelling was observed through-
out the bed, resulting in some loss in efficiency. The bed produced
only 120 cv of effluent with an average 90 percent removal of ammonia,
Further studies were conducted with pretreated secondary effluent.
Pretreatment involved lime clarification [with 200 to 300 mg/l as
Ca(OH),/, addition of polyelectrolyte (8 mg/l nonionic polyacrylamide),
filtration through an anthracite-sand filter and a granular activated
carbon column, and was employed in order to remove suspended and
dissolved organic matter; the filtrate was neutralized to pH 6.5 before
it was pumped through the zeolite bed, The columns were operated in a
downflow mode at a flow rate of 20 cv/hr [5.0 gpm/sq £t (203

1/min/sq m) rate; 3 min detention/, and no plugging problems due to the
suspended matter in the feed were experienced. Ammonia breakthrough
curves presented by Mercer, et al. show that the clinoptilolite
columns receiving preclarified effluent containing 10.4 mg N/1 NHB-N
could produce 170 cv with more than 90 percent ammonia removal. The
exhausted clinoptilolite beds were regenerated with either a lime
slurry containing 4.5 g/1 [Ca(OH),/ or a 0.1N sodium chloride solution
containing 4.5 g/l lime at an upflow rate of 30 cv/hr [7.5 gmm/sq ft
(304.7 1/min/sq m)]. The presence of sodium ions increased the ammonia
capacity of the bed by 24 percent and sharpened the ammonia elution
curve, The spent regenerant could be recovered in the laboratory by
means of a 3-in, (7.62-cm) diam, 10.ft (3.05-m) high air-stripping



column packed with 0,5-in. (1.27-cm) saddles. The regenerant was
introduced at the top of the stripping colum at 25 ml/min, while air
was introduced at the bottom at 120 1/min, giving an airfliquid ratio
of 640 cu ft/gal (4.74 cu m/l); the temperature of the influent air
and liquid was 2542° C, The ammonia concentration was reduced to less
than 1 mg N/1 and the regenerant could be reused.

Pilot plant studies were conducted with 3, 750-gal (2,840-.1) ion
exchange columns, 39 in, (99 cm) diam, packed with 20.50 mesh
clinoptilolite, Chemical pretreatment for the Richland secondary
effluent consisted of: powdered activated carbon, 70 mg/l; lime,

56 mg/1l; alum, 240 mg/l; and polyelectrolyte, 2.5 mg/l. The lime

was added to maintain the pH near 7, The exhausted bed was regenerated
with lime solution containing 0.1 eq/l of calcium chloride and sodium
chloride and the spent regenerant was recovered using a 43-in.
(109.2-cm) diam air-stripping tower, packed with approximately 7 ft
(2.13 m) of 1.5-in. (3.8l-cm) porcelain saddles, The pilot plant was
operated either with 500 gal (1,893 1) clinoptilolite beds at a
70,000-gpd (265,000-1/day) rate using clarified secondary effluent or
with 330 gal (1,250 1) clinoptilolite beds at a 100,000-gpd
(378,500-1/day) rate using chemically unclarified, but filtered,
effluent, The influent stream was pumped downflow through either 1 bed
or 2 beds in series. When the 2, 500.gal (1,893-1) columns were
operated in series, the 1st bed was used alone until ammonia break-
through was detected at a throughput of 75,000 gal (290,000 1); at that
time the 2nd bed was added. The ammonia removal averaged 97 percent
for the 154,000 gal (582,000 1) processed, with the average effluent
ammonia concentration being 0.53 mg N/1. The 2, 330-gal (1,250-1) beds
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in series could process 138,250 gal (532,000 1) of product water with
an average ammonia concentration of 1.1 mg N/1 and a corresponding
removal of 93 percent. No data were given for the recovery of the
spent regenerant.

McLaren and Farquhar (50) used laboratory columns to determine
the effect of temperature, flow rate, and ammonium ion concentration
on the capacity and effluent breakthrough characteristics of
clinoptilolite. The study consisted of 9 runs conducted with 3
columns operated under constant flow conditions; 2 of these columns
were linked in series, while the 3rd was operated singly. The columns
were constructed from 2-in. (5.08-cm) diam plexiglas and were packed
with 750 g of 20-50 mesh clinoptilolite; they were operated in the
downflow mode at rates of 6.67 and 13.33 cv/hr [1.2 and 2.4 gpm/sq ft
(48.8 and 97.6 1/min/sq m) raie; 9 and 4.5 min detention/ and
temperatures of 2 and 12° ¢, A synthetic feed solution containing
ammonium ion concentrations of 14 and 70 mg N/1 was used. The authors
concluded that the initial ammonium ion concentration and the flow rate
had a significant effect on the ammonia capacity of clinoptilolite,
while column operation was not affected by low temperature.

The removal of nitrates from wastewater using the so~called DUCOL
process has been recently reported by Evans (46). The process involved
2 columns operated in series; the 1st column was a bed of strong-acid
resin and the 2nd was a bed of weak-base resin: cations and anions
were removed in the 1st and 2nd bed, respectively, during a demineraliza-
tion cycle. The exhausted columns could be then additionally used in
a softening cycle during which loosely bound sodium ions on the acid
resin were replaced by calcium and magnesium ions, and chloride jons
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on the weak-base resin were replaced by nitrate and sulfate; there was
no net change in equivalents during this cycle. Regeneration could be
accomplished with hydrochloric acid (acid resin) and lime (weak-base
resin). Evans employed 45.mm diam beds containing either 1,000 ml of
acid resin’ or 900 ml of weak-base resin,”" and tested Beersheba,
Israel, tap water fortified with sodium nitrate to give a nitrate
concentration of 15.8 mg N/1; the TDS concentration was 970 mg/l. He
reported that in the demineralization cycle, the system processed 32.5
gal (123 1) product water containing 0.02 mg N/1 NOg-N and 118 mg/1
TDS, and in the softening cycle it produced 13.2 gal (50 1) of water
containing 0,16 mg N/1 NO;-N and 842 mg/l TDS.

*Srafion C.10, a product of the Ayalon Co., Israel.
**Amberlite IR-45, & product of the Rohm and Haas Co., Philadelphia,

PA,
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III. EXPERIMENTAL DETERMINATIONS

The main analytical parameters employed in this research study were

3—-N,and NOZ-N);

other parameters used were COD, TSS, turbidity, and pH. All

phosphorus (Polytortho~P) and nitrogen (NHB.N, Org-N, NO

determinations were made in accordance with the procedures recommended
by Standard Methods for the Examination of Water and Wastewater (51).
A, PHOSPHORUS

Acid.hydrolyzable phosphorus (Poly+ortho-P) was primarily measured.
Phosphorus occurs in wastewaters in the form of orthophosphates,
condensed (pyro-, meta-, and poly-) phosphates, and organically-bound
phosphates; these may exist in solution, on particles of detritus, or
in the bodies of aquatic organisms. Phosphorus determinations involve
2 procedural steps, conversion of the form of interest to soluble
orthophosphate and colorimetric measurement of the orthophosphate; the
type of phosphorus measured will depend on the conversion method used.
Orthophosphate is measured directly on an untreated sample, while acid.
hydrolyzable phosphorus and total phosphorus (Total.P) are determined
in samples which have been subjected to mild acid hydrolysis and
rigorous digestion, respectively. Acid hydrolysis converts the
soluble and particulate condensed phosphates to dissolved orthophosphate,
and digestion releases orthophosphate from both condensed phosphates,
soluble and insoluble, and organically-bound phosphates. Three
digestion technics are presented in Standard Methods (51, p.524), and
in order of decreasing strength, these are digestion with perchloric
acid, sulfuric.nitric acid, and persulfate; the required rigor of
digestion will depend on the type of sample tested.
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At the beginning of this investigation both Total-P and Poly+
ortho-P were measured; however, preliminary data showed that in samples
of the Rolla Southwest Sewage Treatment Plant effluent the concentration
of Poly+o§tho-P was consistently greater than that of Total-P (Table II).
The reason for this is not known, It was thought initially that the
amount of potassium persulfate used might have interfered with the
development of the blue-colored sol in the samples; an excess residual
persulfate was anticipated because of the low organic content of the
plant effluent, Two tests were conducted with the persulfate dosage
ranging from 0.5 to the 15 ml/sample suggested by Standard Methods
(51) and the color development time wa,s set at either 35 or 75 min;
no significant difference was found in the phosphorus concentration
(Table II). Another possibility might have been the presence of some
saline particulates in the secondary effluént; according to Standard
Methods (51, p.520), these particulates might precipitate some forms of
phosphate during the digestion sté.ge, especially when digestion
drastically reduces the volume of sample, At any rate, little if any
organically-bound phosphate was expected in the biologically-treated
effluent,

The acid-hydrolyzable phosphate method (51, p.523) was therefore
selected for this study because it was simpler and faster, required
less chemicals, and was subject to less interference by suspended
particulates. The method involved the formation, under acidic
conditions, of an ammonium phosphomolybdate complex, the reduction of
this complex with ascorbic acid to give a blue-colored sol, and the
' measurement of the color intensity on a spectrophotometer.



TABLE II. EVALUATION OF PHOSPHORUS DETERMINATION METHODS
a, Effect of Pretreatment Method
Total Phosphorus _ Filtrable Phosphorus
Sampling Sulfuric & | Persulfate | Acid Sulfuric & | Persulfate Acid
Nitric Acid | Digestion Hydrolysis | Nitriec Acid | Digestion Hydrolysis
Date Time | Location | Digestion Digestion
| | Phosphorus, mg P/1
[1]23[72 | 2:30 P | Rolla SW k.9 5.1 5.7 k.2 3.8 3.7
1,25/?2 9350 AM Smge 3.2 3.8 "&.3 2.6 3.0 2.9
11:47 AM |Treatment 3.8 4,0 5.0 3.7 2,5 3.5
9:00 AM Plant 5.3 6.4 6.3 4,2 4,6 4,0
1/26/72 |12:05 PM | Effluent 4.3 5.9 6.2 3.7 4,0 3.2
2:20 PM 7.1 8.1 8.3 6.2 5.3 5.9
b, Effect of Potassium Persulfate Dose and Color Development Time
Sampling  Potassium Persulfate |Color Development Time, min
Strength Volume 35 | 7
Date Time [ Location | 570 - e T Pﬁ
0.5 2,8 2,9
1,0 3.2 3.2
2,0 2.5 2.5
9:10 AM 2.0 B.g 3.2
.0 2. 3.1
Rolla S 10.0 3.2 3.2
oeage 15.0 3.2 3.2
2/2/72 Treatment 50
Plant 0.5 5.7 5.6
Effluent 1.0 5.4 5.7
2.0 4,6 4,8
23 05 PM 300 5‘9 507
4,0 5.9 5.7
10.0 5.6 5.6
15,0 5.2 5¢3

62



30

One ml acid solution = was added to a 125-ml erlenmeyer flask
containing 100 ml sample or aliquot diluted to 100 ml, as needed in
order to obtain a spectrophotometric absorbance in the range of 0.1 to
0.7. The mixture was heated for 30 min in an autoclave under 15 psi
(1,05 kg/sq cm) pressure; it was then cooled and restored to the
original 100-ml volume with distilled water. Fifty ml pretreated
sample were transferred to a nessler tube and 2,5 ml ethyl alcohol
were added, followed by 2.5 ml combined reagent.”” The mixture was
mixed thoroughly and allowed to stand 10 min for color development;
the color intensity was then measured on a spectrophotometer# at 880
mp, verified to be the appropriate wavelength, and the Polytortho-P
concentration was determined from a calibration curve.

B. NITROGEN

Four' forms of nitrogen, NHB.N, Org-N, NOB-N and NOZ.N, were
measured in this study.
1. Ammonia Nitrogen

Ammonia nitrogen (NHB.N) was measured by means of the direct
nesslerization method (51, p.226). Five procedures are given in
Standard Methods (51) for the measurement of NHTN: the direct phenate
and direct nesslerization methods, and distillation with either nessler
finish, phenate finish, or titrimetric finish, The detectable range
of NHB-N concentration varies depending upon the method used; the

*Prepared by diluting 300 ml sulfuric acid and 4.0 ml nitric acid to
11,

**Prepared by mixing 50 ml 5N sulfuric acid, 5 ml antimony potassium
tartrate solution (2.194 g/100 ml), 15 ml ammonium molybdate solution
(40 g/1), and 30 ml 0,iM ascorbic acid solution to produce 100 ml
congned reagent; the reagent was stable for at least 1 wk if stored
at C.

#Spectronic 70, a product of Bausch & Lomb, Inc., Rochester, NY,
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vhenate method is suitable in the 0.01 to 0.5 mg N/l range, direct
nesslerization is sensitive in the 0.2 to 5 mg N/1 range, and
distillation with titrimetric finish is useful for concentrations
greater than 5 mg N/1 but is equally applicable in lower ranges.
According to Standard Methods (51, p.231), when synthetic samples
containing various concentrations of chloride, NOB_N, Org-N, phosphate,
and silica were tested for NH3~N, the lowest relative error was obtained
by direct nesslerization. An evaluation of the various methods was
undertaken and the results are shown in Table III; the phenate procedure
was not included in this study because it is sensitive at concentrations
which were not anticipated in the plant effluent. Test samples
consisted of primary and secondary effluent, raw sewage, and a standard
ammonium chloride solution. On the basis of these findings and the
information presented in Standard Methods, the direct nesslerization
procedure was selected for this research.

One hundred ml samples were first treated with 1 ml zinc sulfate
solution (100 g/1) and 0.4 to 0.5 ml 6N sodium hydroxide were added to
obtain a pH of 10.5; this pretreatment was used to precipitate calcium,
iron, magnesium and sulfide, which would have formed turbidity when
treated with the nessler reagent, and to remove suspended and colored
matter (51, p.226). The treated sample was allowed to stand for
approximately 10 min; a heavy flocculent precipitate settled, leaving
a clear and colorless supernatant which was further clarified by

centrifuging’ at about 560G for 15 min. The clarified sample was

*A Model CL clinical centrifuge was used; it was a product of the
International Equipment Co., Needham Heights, MA,



TABLE III, EVALUATION OF AMMONIA NITROGEN DETERMINATION METHODS

L Distillation with . Direct
Date Type of Sample Titrimetric Finish | Nessler Finish Nesslerization
Nitrogen, mg N/1
Secondary effluent 0 - 0.7
10/25/72 | w1 solution, 2.5 mg N/1 2.3 - 2.4
, Secondary effluent 0 0.6 0.8
10/31/72 | N1 solution, 2.5 mg N/1 2.5 - 2.6
Secondary effluent 4,2 5.9 6.8
11/2/72 | Secondary effluent with
' 0.2 mg N/1 added as NHyCl 4,5 . 7.2
Primary effluent k.6 5.5 7.4
NH4C1 solution, 2.5 mg N/1 2.5 2.6 2,7
11/4/72 | Secondary effluent - - 0.9
Secondary effluent with
1.0 mg N/1 added as NH4C1 - - 1.5
Raw sewage 10.; 1%.5 7.8
, Primary effluent 8. 11,0 9.3
11/7/72 Secondary effluent 3.5 4.6 5.1
NH4C1 solution, 2.5 mg N/1 2.3 2,5 2.4

49
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diluted, if necessary, with ammonia-free water* to obtain a spectro-
photometric absorbance in the range of 0.1 to 0.7, and 50 ml sample or
aliquot were placed in a nessler tube; 1 drop (0,05 ml) EDTA reagent**
was added and mixed, and then 2.0 ml nessler reagent# were introduced
for color development, The resulting color intensity was read on the
spectrophotometer at 389 mp, verified to be the appropriate wavelength,
and the NH3-N concentration was determined from a calibration curve.

2. Organic Nitrogen

Organic nitrogen (Org-N) was computed as the difference between
the total kjeldahl nitrogen (Total kjeldahl-N) and NHB-N (51, p.244).
Total kjeldahl-N was determined (51, p.469) by converting organically-
bound nitrogen to ammonium bisulfate using sulfuric acid and potassium
sulfate as the oxidizing agents in the presence of a mercuric sulfate
catalyst. The mercury ammonium complex is decomposed by sodium
thiosulfate, and the ammonia is steam.distilled from an alkaline medium
and absorbed in boric acid; its concentration is then determined
colorimetrically or by titration with a standard mineral acid depending
on the Org-N content of the sample, According to Standard Methods
(51, p.244) the sensitivity of the colorimetric method makes it useful
for the determination of nitrogen levels below 1 mg N/1, while the
titrimetric method is suitable for the determination of nitrogen in a

*Prepared by contacting distilled water with ANGC-101 specialty
inorganic resin; the resin was a product of the J.T. Baker Chemical
Co,, Phillipsburg, NJ.

**Prepared by dissolving 50 g disodium ethylenediamine tetraacetate
dihydrate in 60 ml water containing 10 g sodium hydroxide; the
mixture was then diluted to 100 ml.

#Prepared by dissolving 100 g mercuric iodide and 70 g potassium
iodide in a small quantity of water, and adding this mixture
slowly, with stirring, to a cool solution of 160 g sodium hydroxide
in 500 ml water; the mixture was then diluted to 1 1.



wide range of concentrations, depending on the volume of boric acid
absorbent used and the concentration of the standard acid titrant.
Since more than 1 mg N/1 Total kjeldahl.N was expected in the secondary
effluent, the titrimetric finish was ﬁsed.

A mixture of 100 ml sample, 50 ml digestion reagent,* and a few
glass beads was added into an 800-ml kjeldahl flask. The flask was
placed in the digestion rack of a kjeldahl unit,”” and the sample was
digested until é.t least 30 min after clearing from the formé.tion of
sulfur trioxide fumes (the total digestion time was on the order of 3
hr), The flask and its contents were allowed to cool, and 300 ml
ammonia-free distilled water, 0.5 ml phenolphthalein indicator solution,
and 50 ml hydroxide-thiosulfate rea.gent# were added and mixed. The
flask was then connected to the presteamed distillation rack of the
kjeldahl unit and approximately 200 ml distillate were collected
below the surface of 50 ml boric acid solution (20 g/1) containing a
mixed indicator solution.## The NHB-N concentration in the distillate
was measured by titrating with standard 0.02N sulfuric acid.

3. Nitrate Nitrogen

Several tentative methods for the determination of nitrate
nitrogen (NOB-N) in wastewater are listed in the Standard Methods
(51, p.A454), and each method would eliminate certain interferences

*Prepared by mixing a solution containing 134 g potassium sulfate
and 200 ml concentrated sulfuric acid with a solution containing
2 g red mercuric oxide and 25 ml 6N sulfuric acid; the mixture was
then diluted to 1 1.
**)A 12.place digestion and distillation unit was used; it was a
product of the Labconco Corporation, Kansas City, MO.
#Prepared by dissolving 500 g sodium hydroxide and 25 g sodium
thiosulfate in 1 1 ammonia.free water,
##Prepared by dissolving 200 mg methyl red and 100 mg methylene blue
in 150 ml ethyl alecchol.
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but would be subject to others., Thus the choice of method would
depend on the sample being tested and the equipment available in the

laboratory. The brucine method, which is subject to few interferences,
works well in waters containing salinity, and does not require special
equipment, was selected.

The sample was diluted with distilled water as needed to obtain
a spectrophotometric absorbance in the range of 0,1 to 0.7; 10 ml
diluted sample containing between 0.1 and 8 pg N03-N were transferred
to a teat tube, and the tube, in a rack, was placed in a cool water bath,
Two ml sodium chloride solution (300 g/l) were added and mixed
thoroughly; 10 ml sulfuric acid solution (400 ml/l) were then introduced
and mixed, and the sample was allowed to cool. One-balf ml brucine.
sulfanilic acid reagent was added and mixed thoroughly. The tube was
transferred to a well-stirred boiling water bath that maintained a
temperature of not less then 95° C and kept there for exactly 20 min in
order to enable color development. The ixitensity of the resulting
yellow color was read on the spectrophotometer at 412 mp, verified to
be the appropriate wavelength, and the N03-N concentration was
determined from a calibration curve.
4, Nitrite Nitrogen

Nitrite nitrogen (NO,-N) was determined (51, p.240) through the
formation of a reddish purple azo dye produced at pH 2.0 to 2.5 by the
coupling of diazotized sulfanilic acid with naphthylamine hydrochloride,
If the sample contained suspended matter, it was first clarified by
centrifuging at 5600 for 15 min, One ml EDTA solution (500 mg/ml)

*Prepared by mixing 3 ml concentrated hydrochloric acid and 70 ml
- distilled water containing 1 g brucine sulfate and 0.1 g sulfanilic
a0id; the mixture was diluted to 100 ml,
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and 1,0 ml sulfanilic acid reagent® were added to 50 ml clear sample
or aliquot, which had been neutralized if necessary to pH 7, and mixed
thoroughly., The reaction was allowed to proceed for 3 to 10 min and
then 1,0 ml naphthylamine hydrochloride reagent’ and 1.0 ml 2M sodium
acetate buffer solution were introduced and mixed well; after 10 to 30
min the reddish purple color was measured on the spectrophotometer at
520 mp, verified to be the appropriate wavelength, and the concentration
of NOx-N was determined from a calibration curve.
C. OTHER DETERMINATIONS

Other determinations included COD, TSS, turbidity, and pH and were
employed to study the effect of activated alumina on the plant
effluent.
1, Chemical Oxygen Demand

Chemical oxygzen demand (COD) was used to investigate the
possibllity of the activated alumina removing organic matter. It was
determined in accordance with Standard Methods (51, p.495), except that
the concentrated sulfuric acid.silver sulfate reagent was added to the
sample before the flask was placed on the reflux condenser. Twenty ml
sample were added to a refluxing flask already containing 0.4 g
mercuric sulfate and a few glass beads, and were followed by 10,0 ml
0.25N potassium dichromate solution and 30 ml sulfuric acid.silver
sulfate reagent.f The mixture was refluxed for 2 hr, cooled, diluted

*Prepared by dissolving 600 mg sulfanilic acid in 60 ml distilled
water containing 20 ml concentrated hydrochloric acid; the mixture
was then diluted to 100 ml,

**Prepared by dissolving 600 mg l.naphthylamine hydrochloride in 70 ml
distilled water containing 1.0 ml oconcentrated hydrochloric acid; the
mixture was then diluted to 100 mil,

#Prepared by adding 22 g silver sulfate to a 9-1b (4.1-kg) bottle
concentrated sulfuric acid.
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to approximately 140 ml, and titrated with a 0.1N ferrous ammonium
sulfate solutioﬁ using ferroin as an indicator to determine the amount
of dichromate remaining. A blank containing 20 ml distilled water
was also run concurrently with each set of samples.,

2. Total Suspended Matter

Total suspended matter (total suspended solids, TSS) was
determined primarily in order to evaluate the loss of alumina in the
rapid mix-sedimentation system. It was measured (51, p.537) by
filtering an appropriate volume of sample through a predried and tared
0.45.p membrane filter. The filter and retained solids were dried at
103° C in an oven* for 1 hr and the increase in weight was used to

compute the TSS concentration.

3. Turbidity

Turbidity was measured in order to determine the effect of the
activated alumina treatment on the processed effluent. It was
determined (51, p.577) using a turbidimeter,** which was a nephelometer
and photometrically measured the émount of light reflected at right
angles to the incident light beam by the turbidity-causing particles.
The instrument was calibrated in Jackson candle turbidity units and
was standardized with a standard turbidity rod supplied by the
manufacturer.
h. pi

The pH was determined using a pH meter.

#

*Thelco Model 28, a product of Precision Scientifie, Chicago, IL.
*#odel 1860 laboratory turbidimeter, a product of the Hach

Chemical Company, Ames, IA. ) ] .
#Fisher Accumet Model 210 pH meter, a product of Fisher Scientific,

Pittsburgh, PA.
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- IV, MATERIALS
Materials used in this investigation included 3 activated aluminas

and secondary wastewater treatment plant effluent.
A, ACTIVATED ALUMINA

Activated alumina is a porous form of aluminum oxide which has a
high surface area, is resistant to shock and abrasion, and has the
capacity to absorb liquids, vapors, and gases, without any change in its
form or properties, Three sizes of ALCOA F.l1 series activated alumina,*
-325 mesh [F-1 (~325)], -100 mesh [F-1 (~100)], and 28.48 mesh [F-1
(28.48)], were employed as sorbents in both the laboratory study and
the field pilot plant evaluation. The following typical properties
have been reported by the manufacturer (52) for these aluminas,

Property Valuo[Descrimion
Composition, %

A1203 _ 92.0

Na20 0.9

Fe203 0.08

Si0z 0.09
Loss on ignition at 1,100° C

(after reactivation), % 6.5

Form Granular
Surface area, sq m/g 210
Bulk density, 1b/cu ft (kg/cu m)

Loose 52(832)

Packed 55(880)
Specific gravity 3.3
Static sorption at 60 % relative humidity, 4 1416
Crushing strength, #** 55

*Products of the Aluminum Company of America, Pittsburgh, PA.

**Determined by pressing 60 g 0.25 to 0.125-in. (0.64 to 0.32-cm)
alumina at 200 psi (14.06 kg/sq cm) and placing the crushed material
on a 28 mesh screen; crushing strength reflects the percentage of
material retained on the screen (53).
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Because the aluminas could absorb moisture and the drying conditions in
the laboratory were not the same with those used in the factory, the
weight change after varying periods of drying was evaluated and the
results are given in Table IV. Tests conducted included: the drying
of duplicate 5-g samples of "as received" alumina material in an oven*
at 104° C or in a controlled temperature room . at 59° ¢; wetting 20 ¢
of "as received" alumina with 20 ml distilled water and then drying in
the oven at 104° C or mixing 200 g of alumina with 200 ml distilled
water and drying in a controlled temperature room at 59° C; and drying
200 g of wet exhausted alumina (obtained from a field column) in the
oven at 104° C. The data presented in Table IV enable the computation
of the sorptive capacity of new and regenerated aluminas on an
equivalent weight basis,
B. WASTEWATER TREATMENT PLANT EFFLUENT

Secondary effluent was obtained from the manhole at the discharge
end of the Rolla Southwest Sewage Treatment Plant, a contact
stabilization activated sludge plant, by means of a 0.75-hp (0.56-kw)
centrifugal pump,# and was either directly supplied to the field units
or carried to the laboratory in 5.gal (18.9-1) polyethylene carboys
and stored at room temperature in 2, 30-gal (113.6-1) epoxy-coated
steel drums, The drums served as a feed reservoir as well as a
complete mixing tank so that a homogeneous effluent could be obtained
to feed the laboratory system, Normally the contents of a drum were

sufficient for a complete run, except for the small column tests

*Thelco Model 28, a product of Precision Scientifiec, Chicago, IL.
**No. 751A-X, a product of Lab-Line Instruments Inc., Melrose Park, IL,
#No. 390,208, a product of Sears, Roebuck and Company, Kansas City, MO.



TABLE IV, WEIGHT CHANGE OF THE ACTIVATED ALUMINAS BY DRYING

Type of Alumina

Drying As.received Pre-wetted Exhausted
Time* | F_1(.325) | F-1(~100) | F-1(28-48) | F-1(~325) [ F-1(-100) F-1(28-48)
hr days Weight Loss, %
0.5 2.72 1,94 0.95
1 2.58 2,05 0.96
1.5 3.09 2.45 1.47
2 3.03 2.32 1,20
3 3.09 2.4 1,26
A ‘ «5.24 3.38 1.75
5 2.57 1.89 0.82
9 2.98 2,32 1,28
16 2,57 2.00 0.87
40 3.02 2.38 1,08 :
47 23.58
3 : 4,77 3.73 2,03
7 0.98** 0.62** 0.1**| ~17.75** | .0.65**
& -5.11 “’05? 1.37 2“’003
152 24,40

*Dried at 104° C in an oven, unless otherwise indicated,
**Dried at 5990 C in a controlled temperature room.

ot
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which occasionally required slightly more than 30 gal (113.6 1), In
order to minimize quality changes in the secondary effluent, tests
began immediately after a sufficient quantity had been collected;
this usually required about 1 hr,

A diurnal record of the plant effluent characteristics was made on
3 different occasions in 1973: May 29-30, immediately following a
long weekend; and June 8.9 and September 25-26, which were normal
weekdays. Hourly samples were collected continuously for a period of
24 hr and composited every 2 hr; the composites were generally analyzed
for Total.P, Polytortho-P, NHB-N, Org-N, N03-N, NOZ-N, CoD, TSS,
turbidity, and pH; and the results are presented in F:.gure 2 together
with the corresponding plant flow, |

Because each laboratory run required from 6 to 24 hr to complete,
background information on changes in the phosphorus and nitrogen
content of the plant effluent was needed, A 3-1 volume of effluent
was placed in a 4.1 pyrex glass bottle and exposed to the laboratory
environment at approximately 25° C; a series of samples was withdrawn
at different intervals from O to 24,5 hr and analyzed for NHTN, Org-N,
NOB-N. NOZ-N , and Total-P. The results of these analyses are reported

mFig\n‘e 30
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V. DEVELOPMENT OF THE TEST SYSTEM
The development and construction of appropriate bench and field.

scale pilot plant units utilizing the column and rapid mix-.sedimentation
operational modes, which was a necessary prerequisite to the study,
required that appromriate design data be obtained on the sorptive and
settling characteristics of the activated aluminas. The bench-scale
system was first designed on the basis of data obtained from a batch
study and its performance characteristics were evaluated before the
design of the field system was completed.
A. DESIGN CRITERIA

Three characteristics of the activated aluminas were considered
essential to the design of the rapid mix.sedimentation system: the
sorptive rate, which governed the required detention time in the mixing
unit; the sorptive capacity, which controlled the alumina dose; and
the settling rate, which affected the design of the sedimentation unit.
The sorptive rate also determined the bed depth of the column units,
while the sorptive capacity governed the relative volume of wastewater
effluent which could be processed before the bed was exhausted.
1. Sorptive Characteristics

A bateh study was conducted to evaluate these characteristics.
Nine g "as received" alumina was mixed* with 3 1 of secondary effluent
at 750 rpm in a 4.1 pyrex glass bottle for periods up to 19 to 23.5 hr;
25.m1 samples were withdrawn at appropriate intervals and analysed for
Total-P, and the corresponding data are shown in Figure 4., All 3

*A variable speed cone-driven stirring motor uipped with 1,75-in,
(4.45.cm) diam polyethylene propeller was usﬁ; was a product of
the Sargent.Welch Scientific Co., Skokie, IL.
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Time Alumina Dose, ¢/I|

FIGURE 4. SORPTIVE CHARACTERISTICS OF THE ACTIVATED ALUMINAS - PHOSPHORUS DATA
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aluminas could achieve a 98 percent removal of Total-P; however, the
required mixing periods were different and varied from 1.5 hr for
F-1 (~325) to 5 hr for F=1 (=100) to 15 hr for F=1 (28.48). A mixing
time of 15 hr was considered to be too long for practical application
and was reduced to 7 hr in subsequent laboratory studies; at the end
of this period the F-1 (28.48) alumina removed (Figure 4) slightly in
excess of 90 percent Total.P. |

Sorptive capacity was determined using a 6.unit variable speed
stirrar* operated at 100 rpm; 800-ml volumes of secondary effluent
were placed in 1.1 beakers and treated with varying doses of alumina
ranging from 0,5 to 5 g for periods of 1.5, 5. and 7 hr for F-1 (-325),
F-1 (=100), and F.1 (28.48), respectively. The mixture were then
allowed to settle for 15 min and the supernatants were withdrawn and
analyzed for Total-P; although some samples appeared to be turbid due
to the presence of alumina particles, clarification was not attempted
prior to analysis because this stép was not expected in practical
application., The effect of the alumina dose on phosphorus removal is
reported in Figure 4 #nd Table V. It may be seen that given adequate
contact time, the larger size a.lminalwould have the same sorptive
capacity for phosphorus as the smaller size material. This is
exemplified best by the results in Table V which indicate that by
allowing different contact times, the F-1 (-325) and F-1 (~100)
aluminas produced comparable capacities; this was not true for the
F-1 (28.48) alumina, however, the detention time had been decreased
for this material. |

*Model 77-903, a produst of Phipps & Bird, Ine., Richmond, VA.



TABLE V. SORPTIVE CHARACTERISTICS OF THE ACTIVATED ALUMINAS-PHOSPHORUS DATA

F-1(-325) F-1(~100) F-1(28.48)
Albm;:m Mixing Time, hr
(.}
s/l -2 Sorpti > Sorpti : Sorpti
orptive A orptive orptive
Total-P Removed* Capecity Total-P Removed** Capacity Total-P Removed** Capacity
mg P[1 % mg P/g | mg P/1 mg P/g | mg P/1 % mg Pfg
0.63 3,98 48 6.37 3.80 48 - 6,08 2.72 34 4,35
1.25 6.47 78 5.18 6.64 83 5,31 4,48 56 3.58
2,50 7.72 93 3.09 7. 7% 93 2,98 6.48 81 2,59
3.75 8.05 97 .15 7.78 97 2,07 7.04 88 1.88
5.00 8.13 98 63 7.76 98 1.55 7.44 93 1.49
6.25 8.22 99 .32 7.92 99 1,27 7.60 95 1,22

secondary effluent: 8.3 mg P/1.
8

2

1

v 1

*Initial Total.P concentration in
in secondary effluent: 8.0 mg P/1.

**Initial Total-P concentration
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The effect of the activated alumina treatment on a broader
range of secondary effluent characteristics was studied by mixing

15 g "as received" alumina with 3 1 effluent in a 4.1 bottle using the
cone-driven stirrer at 750 rpm, At the end of the previously selected
mixing times, a 15.min settling period was provided; the supernatant

was siphoned off and analyzed for Totp.l.P, NHB.N s Org-N, NO,~N and

3
COD, and the results are given in Table VI. A significant reduction
in the Org-N and COD concentrations generally accompanied the removal
of Total.P, especially when the finer size aluminas were used; the
reduction in NOB-N was relatively low, while the removal of NHB-N was

inconsistent.

2, Settling Characteristics

The settling characteristics of the activated alumina particles
in secondary wastewater effluent were determined by means of a 3-in,
(7.62-.cm) diam, 4.4.ft (1.34=m) high settling column. The colum was
made of a clear cast acrylic tubing® with 4 sampling ports at 12-in.
(30.5-cm) intervals from the top; the ports were inserted into the
column wall and extended to the center of the column in an effort to
minimize the wall.effect on the settling particles. Ten.l volumes
of secondary effluent containing varying alumina doses (19.5, 13.0,
and 6.5 g), were first mixed for 22 min and were then introduced
into the column, At predetermined time intervals, samples were
withdrawn from the ports and analyzed for TSS and turbidity, and the
data obtained are reported in Table A.1l, Appendix A, Percent removal
values for TSS are given in Table VII and TSS isoremoval curves are

*A product of Cope Plastics Inc., Godfrey, IL.



TABLE VI. SORPTIVE CHARACTERISTICS OF THE ACTIVATED ALUMINAS

Mixing Total-P NH3-N Org-H NO3-K CoD
T;zt Sgg;;ﬁ:i{ Dose Time | Conc |Remov| Conc |Remov| Conc {Remov| Conc {Remov| Conc | Remov
. g/l hr |mg P/l % |mgN/Y % |mgh/L % [mgi/Y % | mg/l
Initial 8,05 0.67 0.79
. § F-1(-325) 1.5 | 0.03| 99.6] 0,78 |-16.4| 0.45 ] 43.0
§ B| F-1(-100) 5 5 0.07 | 99.1| 0.78 |-16.4] 0.68 | 13.9
& | F-1(28-48) Vi 0.25 | 96.9| 0.56| 16.4| 1.01 |-27.8
Initial 12,10 1.90 2.36
2 |5 | F-1(-325) 1,5 | 0,15 98.8] 2.35|-23.7| 0.61 | 74.2
% B| F-1(-100) 5 5 0.23 | 98.1| 2.02| -6.2| 1.12 | 52.5
5 F-1(28-48) , 7 0.55 | 95.5] 1.96| -3.2| 1.62 | 31.4
Initial 6.80 7.45 1,59 1.8
3 |8, | F-1(-325) 1.5 | 0.05 | 99.3| 7.00| 6.0| 0.49 | 69.2| 1.5 | 16.7
§5* F-1(~100) 5 | 5 0.14 | 97.9| 6.94| 6.8| 1,00 37.1| 1.7 | 5.6
& | Fo1(28.48) 7 0.31 | 95.4| 6.89 7.5| 1.47 7.5] 1.6 1.1
Initial 3.00 5.60 1,68 2.0 29
L F-1(-325) 1.5 | 0.02 | 99.3] 4.48 1 20.0| 0,56 | 66.7] 1.6 | 20.0 6 | 79.3
*éff F-1(-100) 5 5 0,06 | 98.0| 4,76 | 15,0| 1.12 | 33.3| 1.8 | 10.0| 18 | 37.9
& | F-1(28-48) 7 0.13 | 95.7| &.20| 25.0| t.12 | 33.3| 1.8 | 10.0| 23 | 20.7

*NH3-N was measured by distillation with titrimetric finish,

159



TABLE VII. SETTLING CHARACTERISTICS OF THE ACTIVATED ALUMINAS*

Alumina Column Depth, ft
Settl. 1 2 4
ing Avg 3 Avg < Avg 3 Avg 3
Type | Dose | Time |TSS §,& TSS §* ™SS | 2. | T8S é‘*
g/l mn 1] @ o & o
e |mgf/l|lx ng/l | x [1]
R e
10 | 770|57.4| 710| 60.7| 716 60.4| €92 61.7
1.95 30 | 31082,9| 346|80.9| 332|81.6| 378|79.1
60 | 158191.3| 256|85.8] 210| 88.4| 2201 87.8
120 14§§ 97.1 | 110]93.9] 13%]92.6] 142]92.1
0 |117
10 | 682 | 41,9 724|38.3| 703 | 40,1 | 650 | 44,7
C33sy | 130 30 | 301 |7k | 345|70.6| 47| 70.4 | 366 | 68.8
60 | 128 [89.1| 204 |82,6| 221(81.2| 2351 80.0
120 60 194,91 121]89,7| 155] 86.8] 159 86.5
0 602
10 | 468|22.3| s04|16,3| 532|11.6| s544] 9.6
0.65 30 | 234 |61.1 | 288]52.2) 302 49.8| 330 45.2
60 | 126 |79.1 | 166 | 72.4| 200] 66.8| 208] 65.4
120 36 92,4, | 88|8s.,4] 112]81,4] 152 74.8
0 | 580
10 | 170{70.7 | 228 | 60.7| 254| 56.2| 236] 59.3
1.95 30 | 106|81.7] 120]79.3| 130|77.6| 14| 75.2
60 80|86.2| 86|85.2| 84|85.5] 96|83.4
120 4§2 89.3| 64(8.,0| 68(88,3| 76186.9
0 79
- 10 9k | 80,3 | 122 | 74.4| 143 70,1 | 168 64.9
( Ioo) 1.30 30 4o|91,6| 56|88.3| 65|86.4| 78]83.7
- 60 1719661 B2{91.2| u43|9t.0| s4/|88.7
120 ﬁ;% 92.6 | 11197,6] 19/96,0| 32]93,3]
0 | 2st ‘
10 66 | 7.4 | 100]|61.,2| 120 53.5| 140 45.7
0.65 30 38!85.3| 50]|80.6| s4|97.1 62| 76.0
60 36 | 86,0 26 | 89.9 36| 86,0 38
120 Ag%, 91,0 24190,7| 28}89.1 22
0 1
10 18 o] 17| s5.6| 22p22.2| 15
1,95 30 17| s5.5| 12133.3| 18 0 15
. 60 10 | 44,0 15]16.7] 13]127.8] 13
120 32 50,0 9!s50.0] 13]|27.8] 12
0
- 10 19 2ﬁ‘1 21 22.2 18 zz.i 18
- 1.30 30 12 71 12 g1 12 64.7] 12
(28-48) 60 | 18|47.1| 16|s2.9] '8|7e.5| 8
120 7179.4 5182,3 6]8,4] 10
0 14
10 13{ 7.1 14 ol t6ki14.3 18 L.28.6
0065 30 15 "7.1 13 701 16 -1#.3 14
60 12 | 14,3 9135.7| 12|14.3] 11
120 6]57.1 9135.7| 10|28,6| 11

*In secondary effluent.
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plotted in Figure 5.

An analysis of the sedimentation column data (54, p.289) indicated
that at the end of 1 hr the 4,0-ft (1.22.m) column would have removed
85 and 94 percent TSS when 1.3 g/l of F-1 (-325) and F-1 (-100)
aluminas were used, respectively; the corresponding settling velocity
would have been 4.0 ft/hr (1.22 m/hr), Considering appropriate
adjustment factors to relate column data to sedimentation basin
performance (54, p.289), the following design values were selected.

Detention time 2 hr

Settling velocity 2,6 £t/hr (0.79 m/hr)

Overflow rate (surface loading) 460 gpd/sq ft (18.8 cu m/day/sq m)
B. BENCH TEST SYSTEM

The bench rapid mix.sedimentation test system developed in this
study (Figure 6) consisted of 2 parallel test units each of which
was composed of a mixing tank equipped with a propeller stirrer, a
sedimentation tank, a chemical feeder, a pumping system with flow
regulating device, and a secondary effluent feeding reservoir. One
of the units was provided with a dry feeding system,while the other
employed a wet feeding system., Each unit was designed for a test flow
of 1 gph (3.78 1/hr) which was the maximum that could be reasonably
handled in the laboratory,

The rapid mix and sedimentation tanks were made of 0.25-in,
(0.64-cm) thick clear plexiglas sheets, and the dimensions and
construction details of each are shown in Figure 7. The 2 tanks
were bolted together to form a single unit; a rubber gasket (not shown)

*A product of Cope Plastics Inc,, Gédfrey. IL.
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was inserted between the 2 tank walls in order to prevent leakage.
The mixing tanks were designed to provide a contact period of 15 min,

which had been found (Figure 4 ) vto enable a high rate of phosphorus
removal [97 and 83 percent of Total-P were removed by the F=1 (-325)
and F1 (-100) aluminas during this period/. The corresponding
theoretical tank volume was 57.7 cu in. (946 cu cm), however, in order
to compensate for volume loss when the stirrer was working, the design
volume was increased to 86.0 cu in. (1,410 cu cm). The actual
operational volume of the constructed units was measured and found
to be 60.0 cu in, (984 cu em) for Unit 1 and 61.7 cu in. (1,011 cu cm)
for Unit 2; the cbrresponding liquid detention times were 15.6 and
16.0 min, respectively. One-in. (2.54-cm) wide and 2-in. (5.08-cm)
high baffles were installed at mid depth on the 3 sides of the tank
in order to prevent rotation of the water in the tank,

Considering a detention time of 2 hr, an overflow rate of 460
gpd/sq £t (18.8 cu m/day/sq m), and a design flow rate of 1 gph
(3.78 1/hr), the sedimentation basin volume was computed to be
0.267 cu £t (0.00748 cu m), the area 0.052 sq ft (0,00483 sq m),
and the depth 5.14 £t (1.57 m), Because the tank in effect would
have been a column and there was concern over wall-effects, the over-
flow rate was reduced to 170 gpd/sq £t (6.9% cu m/day/sq} m) [and
correspondingly the area was increased to 0,141 sq ft (0.0131 sq m)]
and the depth was decreased to 1.89 ft (0.58 m). Several outlets
(Figure 7) were installed to permit operation at different depths and
the corresponding tank volumes and theoretical detention times are

shown on the following pngo.
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Tank Unit 1 Unit 2
Depth Volume Detention Time Volume Detention Time
Outlet in,* 1 hr 1 hr
A 24,0 7.29 1.93 7.21 1,90
B 20.5 6.25 1,65 6.17 1.63
C 17.5 5.27 1.39 5.23 1.38
D 4.5 4,30 1.14 4,26 1,13
E 11,5 3.34 0.88 3.32 0.88
F 8.5 2,39 0.63 2,37 0.63

*To convert in. to cm multiply by 2.54.

A dry chemical feeder (Figure 6) was designed using the principle
of the commercial belt-type feeders and was constructed of 0.25-in.
(0.64.cm) thick clear plexiglas and rollerskate wheels as bearings.

A 2.in. (5.1-cm) wide belt was made of black rubber gasket material
and was supported on 2, 1,5-in, (3.8-cm) diam wheels at a wheelbase
of 7.5 in, (19.1 cm); the wheels were made of 1.5-in. (3.8-cm)

diam clear cast acrylic tubing and the axle was of 0,375-in. (0.95-cm)
steel rod. One of the wheels was driven by a motor* rotating at a
constant speed of 0,34 rpm, and the belt travelled at a speed which
resulted to 1 full turn/11.5 min. The alumina was stored in a
plastic funnel, located abbve the belt, which functioned as a hopper
and discharged to a dosing box. Chemical dosing was controlled by
adjusting the opening of the gate on the box and/or the width of the
dosing outlet. Dosing rates ranging from 25 to 6,000 mg/min could
be obtained by this arrangement and were suitable for operation both
in the laboratory and in the field. When the feeder was tested with
the smaller size alumina [F-1 (-325)], a "bridge" was formed across

the bottom of the hopper and prevented the free discharge of the

*Model CA, a product of the Hurst MFG Corp., Princeton, IN,



59

chemical onto the belt. Consequently, a wet feeding system was
especially designed for this alumina and consisted of a continuously
mixed feeding tank holding a suspension of the alumina in distilled
water and a variable speed, multi-channel finger pump.™™

A 30-gal (113,6-1) epoxy-coated steel drum served as a holding
reservoir for the influent waste, and a large stirrer’ was used to mix
the secondary effluent for 10 min prior to feeding it to the test
system, The waste was raised by means of a large multi.channel
finger puup# to a constant head feeding reservoir and thereafter
supplied by gravity flow to the 2 units; the excess waste was returned
to the holding reservoir through an overflow outlet. The advantage
of this arrangement was that the flow was independent of the speed
of the motor, which varied with the voltage fluctuation in the power
line,

The flow rate was initially adjusted by using tap water and a
graduated cylinder and stopwatch, and was verified by running the
regulating device with tap water for 4 hr and measuring the total
amount passed to obtain an average rate., The flow was frequently
checked during a test run,

The bench column test system (Figure 8) consisted of 3 glass
columns which had been used by Yue and Purushothaman (34,35) in a
previous related study. Each column was made of a 2-ft (0.61-m)
long piece of 1,5-in, (3.8-cm) ID heavy walled pyrex glass pd.pe+

*A variable speed cone-driven stirrer was used,
**Model T-8, a product of Sigmamotor Inc., Middleport, NY.
#Lightnin Model 10, a product of the Mixing Equipment Co.,
Rochester, NY. . g tor I . NY
#¥Model ™1 & produst of Sigmamo no,, Middleport, .
o, P7110, a prodmst of the Corning Glass Works, Corning, NY.



FIGURE 8.

BENCH COLUMN TEST SYSTEM
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which had flared conical ends capable of taking a specially designed
metal flange.* The ends of the pipe were plugged with single-hole
rubber stoppers kept in position by the 2 metal flanges bolted
together; a glass tube was inserted into each rubber stopper and was
connected with the outlet or inlet tubing. The bottom of each column
was packed with a 2-in. (5.1-cm) layer of é.mm diam hollow glass beads
used to dissipate the velocity head of the feed water. Wastewater
was fed to the columns in an upflow mode, and since the alumina
bed was much shorter than the height of the column and it was
undesirable to trap excessive effluent on top of the bed, the glass
tube connecting to the outlet tubing was extended to the surface of
the alumina bed., Sample collection ports were provided at the inlet
and outlet ends of the colum,

The 30-gal (113,6.1) epoxy-coated steel drum served as a feeding
- reservoir, and the secondary effluent was pumped to the columns by
means of the variable speed multi_chénnel finger pump. The columns
were operated at a flow rate of 0.3 gpm/sq ft (12,2 1/min/sq m), and
the corresponding detention time was 7 min,

The rapid mix-.sedimentation test system was evaluated in 10
different runs using the F-1 (-325) (wet chemical feeding) and
F-1 (=100) (dry chemical feeding) aluminas. The purpose of this
work was to verify under éontinuous flow conditions the design data
which were obtained in the batch tests in order to get adequate

information for the design of the field test system and to gain

*Type 2 cast iron flange, No. P9653, equipped with a molded insert
gasket, a product of the Corning Glass Works, Corning, NY.
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enough experience for field operation. Flow rates ranging from 0.4 to
2.3 gph (1.5 to 8.7 1/hr) and alumina doses varying from 4.4 to 7.9
g/gal (1.2 to 2,1 g/l) were employed. The volume of the sedimentation
tanks was also varied by using Outlet A for Runs No. 1,2,3 and 8,
Outlet B for Runs No. 4,5,7,9 and 10, and Outlet E for Run No. 6; this
enabled the system to be operated in a wide range of detention times
and overflow rates. Samples were taken from the influent and effluent
of the units at predetermined time intervals and analyzed for Total-P,
Poly+ortho.P, NHB-N, Org-N, NOB-N, NOz-N, Ccob, TSS, turbidity, and pH.
The operational characteristics and test results are presented in
Table VIII, and the sorptive capacity of the aluminas for phosphorus
in the secondary effluent is given below.

Sorptive Capacity, mg P/g

Unit 1 = F1(=325) Unit 2 = F=1(-100)
Run No. Total-P Polyjortho-P  Total-P Polysortho-P

1 4.3 4,2 3.5 3.4
2 3.3 3.1 2.2 2.1
3 4,1 4,2 2.3 2.5
4 1.7 1.7 1.7 1.7
5 3.0 2.7 2.8 2.6
6 2.9 3.3 2.7 1.3
7 3.3 3.1 2,9 2,7
8 2.2 3.0 0.9 1.7
9 1.2 1.3 1.0 1.1
10 1.3 1.4 1.1 1.2

The aluminas showed the highest sorptive capacity for both Total and
Poly+ortho-P in Run No. 1, and this resulted from the high influent
phosphorus concentration and the low alumina dose used; however, the
corresponding phosphorus removal was in the range of 48 to 56 percent,
which was considered to be too low for field operation, The next
highest sorptive capacities were observed in Runs No. 3, and 2 or 7 for
Unit { and Runs No. 7 and 5 for Unit 2, and the corresponding phosphorus



TABLE VIII. BENCH RAPIU MIX-SEDIMENTATION TEST SYSTEM STUDIES

Unit 1 - F~i(=325) Alumina

Run [Operational Characteristics Qualj tics
Run Dura-|Detention [Flow | 0/:" | Alu- Phosphorus
Yo Date | tion Time Rate | Rate | mina value mg /1 Nitrogen, mg N/l Turb
* Mix [ Sed g%, Dose to .
hr | min| hr | gpn [Sq g/eal¥ Total orlt.i; 403 | ho2 Jtu
Influent Ave 9.2 | 8.8 1.7] 20,2{ 0,60
8/23 ) Range| 0.2 0 1.0 0
1| qo7 | 8 20|t.7] 1.1 188 4.4 | sffluent Avg | 4.2 | 3.9 2.3| 19.8] 0.60
Ranpel 0.2 0 1,0 0.1 0
Removal, ¥ [54.3 [55.7 =35.3] 2.0 0
(2 samples)
Influent Avg 7.5 7.1 4,08 1.4] 17,1 0,60] 69 3 10
Range| 1.4 | 1.6 2.5 0.4 5.8] 0,20 44 6 10
2 %‘.;2 23.s| 2612.2| 0,9| 154 | 8.0|Effluent Avg | 0.7 | 0.6 | 4.1| o0.7| 16.0| 0.60| 60 | 46 | us
Range| 0.8 | 0.8 | 2.5| 0.5] 4.6| 0.20]{ 79 23 | 16
Removal, 4 [90.7 [91.5| -2.5] $0.0] 6.4 0] 13.1
(8 samples)
Influent Avg | 8.1 | 8.3] 5.6 2.5 4.9] 0.20[ 69 2| 10
9/29 Range| 0.9 [ 0.6 | 3.2] 0.9] 3.4 0.10] 24 12 4
3 | 19792 | 10-8) 18]2.2| 09| 15k 6.5 |Effluent Avg | 1.2 | 1.1 ] 6.6 1.6] 5.0 0.20] 46 6 | b
Range| 0,5 | 0.4} 2,70 o0.1] 3.8] 0.10] 24 25
Removal, ¥ [85.2 [86.7 [-17.9] 36.0| ~2.0 0] 33
(11 samples)
Influent Ave | 3.9 | 3.8 0.6 3.3] 6.2] o0.02
11/28 Range{ 0.2 | 0.3 1.0] 0.3] 2.0 0
4 1o | 11,0 22|2.750 0.7] 119 6.5 |Effluent Avg | 1.0 | 0.9 1.4 2.2] 6.2] 0,02
Range| 0.4 | 0.5 1,5 1.1} 2.1 0,01
Removal, ¥ |74.4 [76.3 }133.3] 33.3 0 0
(9 samples)
Influent Avg | 6.5 | 6.1| 6.9] 11.2] 3.8] 0.04 1 ?
12/16 el 0.7 | 1.1 s.1| 7.3] 1.2 0 2 2
5 [1g72 | 9-2| 2#|2.50 0.7| 119 6,3 | Effluent Avg | 1.4 | 1.5 7.7| 7.3| 4.4] 0.03 86 | 129
el 1.2 | 1,0| 4.3] 4.2| 2.0] 0.01 76 | 8t
Removal, % 178.5 |75.4 | 37.7| 34.3}|-15.8 0,30
(9 samples)
Influent Avg 6.0 | 6.4 9.7} 8.0f 2.9} 0.05 18 13
i2/19 Range| 1.7 | 1.0 8.3| 10.2{ 0.3 0 0 3
[ 1972 11,91 43 |2.4| 0.4 68 5.6 | E£fluent Avg 1.7 ] 1.5 8.2| 7.7] 2.8] 0,04 ¥ 35
Range| 0.7 | 0.7 | 8.0 7.9] 1.4} 0,01 23
Removal, % |71.7 |76.6| 15.4| 3.8 3.4[20.00
(9 samples) )
Influent Avg 6.4 | 6.1 8.2 3.0 2.8{ 0,06 10
Range| 0 | 1.2 o] 6.0f 0.5/ 0,01 0
? {/1° 10.2| 14{1.5| 1.1] 188 | 6.5 |Effluent Ave | 0.8 | 0.8 6.4 4.3 3.2] 0.05 53
73 Range| 0.2 | 0.2 6.0| 6.0 1.4| 0.02 30
Removal, % [87.5 [86.9 | 22.0[-43.3]|-14.3]16.70
(9 samples)
Influent Avg 6.5 | 7.4 19
1/17 Range| 1,2 | 1,5 2
8 1973 | 60| 7]0.8| 2.2 375 6.4 |Effluent Avg | 2.8 | 2.3 176
Range| 2.0 | 1.8 50
Removal, % [56.9 168.9
(7 samples)
Influent Avg | 3.2 | 4.1 4
1/20 Range [ 0,7 | 0.1 2
911 7.0 )17 1,1 188 6.6 |Effluent Avg | 1.1 | 1.8 119
973 Range | 0,6 | 0.4 134
Removal, % [65.6 |56.1
(7 samples)
Influent Avg | 2.9 | 3.1 10 | 12
Range | 0.1 | 0.1 5 7
10 |32 67| 12|13 | 13| 222 | 7.4 |Effluent Ave | 0.4 | O.4 8 | 8
Range | 0.3 | 0.2 W | 30
Removal, 2 [86.2 |B7.1
(7 samples) -

*Overflow rate or surface loading.
#To convert gal to 1 multiply by 3.785.
+To convert

grd/sq ft to cu m/day/sq m multiply by 0,0408,




TABLE VIII (cont.). BENCH RAPID MIX-SEDIMENTATION TEST SYSTEM STUDIES

Unit 2 -~ F-1(~100) Alumina

r Run [Operational Characteristics __ Quality Characteristics
Run Dura-|Detention | “low| O/rY | Alu- i hosphorus]
v, |Pate | tion|__Tim _lRate| Rate | mina value v Nitrogen, mg NfL | COD | TSS | Turb| pH
O, "
R vl Rl R - Total| POl wky | orp | 103 | Moz | me/2| me/1] stu
Influent Avg | 9.2 | 8.8 1.5 1.7| 20.2] 0.60] 46
8/23 Rangs| 0.2 | 0 1.0 ol o
1| topa | 48 21| 1.8 1.0 17 4,8 Effluent Ave | 4.8 | 4.5 0.9] 2.3| 20.6] 0.60| 43
Range] o0 0.1] 0.5 o0.i] 0.8 ol "o
Removal, & |47.8 [48,9| 40.0[-35.3] -1.5] o] 2.5
(2 samples)
Influent Avg | 7.5 | 7.1| 4.0 1.4| 172.1] 0,60| 69 31 10] 7.
m Range| 1.4 | 1,6| 2.5 o0.4] s.8] 0.20] 44 6| 10] o
2 (9021 25| 23] 2.0 1.0] 17 | 7.5|Effluent Avg | 3.1 | 29| 40| 1.2| 15.9 0.6o| 65 | w0 | 32 | 2.
Range| 1.5 | 1.2 | 2,4{ 0.3 4.0/ 0,20/ 96 | 4k | 24| O,
Removal, $ }58.7 |59.2 o| w.3| 2.0 o] 6.3
(8 samples)
Influent Avg | 8.1 | 8.3| 5.6] 2.5 4.9/ 0.20] 70 | 12 10| 7.
Range| 0.9 | 0.6 3.2{ 0.9 &.7 o} 24 12 L 0.
3 g% 10.8] 18| 2.2 0.,9| 154 | 6.2|Etfivent Avg | 4.3 | 4.2| 6.7| 2.3] 5.9 0.20 56 | 39| 22| 2.
Range| 0.7 | 0.5| 2.2| 0.3] 3.8] 0.10| 22 18| 10| o.
Removal, $ [46.9 |49.4|-19,6] 8.0[-20.4 o| 20.2
(11 samples)
Influent Avg 3.9 | 3.8 0.6 3.3 6.2| 0,02 42
8 Range| 0.2 | 0.3]| 1.0| 0.3 2.0l o 9
4 1{5?,2 11,00 23| 2.8 0.7] 119 | 6.8|Effluent Avg | 0.8 | 0.8| 1.1| 2.1| 7.4/ 0.02| 56
Range| 0.6 | 0.7| o0.8] 1.9 2.6/ of 10
Removal, 4 |79.5 |78.9 | -83.0] 36.4|-19.4 0]-25.4
(9 samples)
Influent Avg | 6.5 | 6.1 6.9| 11,2| 13.8] 0.04( 64 1 721 7
12/16 ol 0.7 1.1 s5.1] 7.3 1.2 o 3 2| 2] o
s [BOS| 9.2 25| 2.5 0.6] 12 | 6.9|Erruentave | 1k | 13| 7i9| 79| 37 o.ou| st | 8| 2| &
Rlnge 0.6 0.3 5.8 87 1.0 o[22 | 24| 3| o.
Removal, ¥ [78,5 [78.7 | 15.5| 29.5 2.6 0] 20.1
(9 samples)
Influent Avg | 6.0 | 6.4| 9.7] 8.0 2.9] o.05| 82 18| 13 7.
' Range| 1.7 | 1.0| 8.3] 10.2] 0.3 ol o 0.
6 “;’472 11.9] 46| 2.5 o4f 68 | %.9|Effiuent Avg | 2.5 | 2.3| 5.5| 7.6] 2.2| o.o| 72 | 12| 17| 7.
Range| 0.5 { 0.3| 7.9| 8.5] 1.3] o.0t| 47 6 &l o,
Removal, 4 |58.3 |64.1| 43.3| 5.0| 24.120.00| 12.0
(9 samples)
Influent Avg | 6.4 | 6.1 | 8.2] 3.0] 2.8| 0.06] 57 | 18| 10 | 8.
Range| 0] 1.2 o| 6.0/ o0.5| 0.01| "7 ol of o.
7 1/10 10.2) 15| 1.5 1.1} 188 | 6.2|Effluent Avg | 1.6 | 1.7| 6.4| 4.3| 2.8| o.05l 49 | w2 | 29 | 8,
73 Rlnge 0.3 | 0.3 6.0 6.0 0.7[001f22 | 20| 11| o.
Removal, # [75.0 [72.1| 22,0]-43.3 0{16.70| 13,3
(9 samples)
Influent Avg 6.5 | 7.4 98 22 19 8.
1/1 Range| 1.2 | 1.5 11 0 2 0,
8 | 1ol | 60 7| 0.8 23| 92 | 6. |EtfluentAvg | 4.9 | bk 7% | 75| w| 8
7 Range| 0.9 | 0.8 1 |18 19| o,
Removal, ¥ |24.6 |40.5 2.4
(7 samples)
Influent Avg 3.2 | 4.1 %0 2 N 8.
i 81 | 81 2wl gt
of 13| 1.3 1.2] 20 7.0 | Effluent Avg . . .
Pl 7 o > Range| 1.3 | 0.4 1s | 368|127 | o.
Removal, & [56.3 {48.8 4,0
(7 samples)
Influent Avg | 2.9 | 3.1 48 | 10| 12| s,
Range| 0.1 | 0.1 19 5 7 0.
10 [ 4271 6.7l 12| 1.2 1.3] 22 | 7.4|Etfiuent Ave | 0.7 | 0.8 W | 42| 36| s
t Range| 0.2 | 0.2 15 | 23| 22
Removal, ¥ |75.9 |74.2 15.6
(7 samples)

*Overflow rate or surface loading.
#To convert gal to 1 mltiply by 3.765.
+To convert gpd/sq ft to cu m/day/sq m multiply by 0,0408.
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removals ranged from 85 to 92 percent for Unit 1 and 72 to 79 percent
for Unit 2, Taking into consideration the operational characteristics
of these runs, the following design values were selected for the field

units.

Detention time

Rapid mix 25 min

Sedimentation 2 hr
Overflow rate (surface loading)

Sedimentation 190 gpd/sq ft (7.75 cu m/day/sq m)
Sorptive capacity

F-1 (-325) 4.1 mg P/g

F-1 (-100) 2.9 mg P/g

C. FIELD TEST SYSTEM

The field test system (Figure 9) consisted of 2 rapid mix.-
sedimentation units operated in parallel using F-1 (=325) (wet
chemical feeding) and F-1 (~100) (dry chemical feeding) aluminas,
and 4 column units operated in series using F-1 (28-48) alumina.
Secondary effluent was supplied to the system from the manhole at the
discharge end of the Rolla Southwest Sewage Treatment Plant by means of
a 0.75-hp (0,56-kw) centrifugal pump* on a 115.v hook-up. The pump
capacity was greater than required and provisions were made for by-
passing the excess flow. The intake facility consisted of a vertical
1in, (2.54-cm) PVC pipe connected to an especially designed screen
which was attached to a wooden, inverted "T" frame; this frame,
functioning as a dam, raised the wastewater level in order to
facilitate pumping. A water meter = was placed ahead of the 1st

column and was used to measure the total volume of wastewater passed

*Model 390.208, a product of Sears, Roebuck & Co,, Kansas City, MO.
**) Trident, Triseal, Neptune Style No. 3 meter was used; it was
purchased from the Rolla Municipal Utilities, Rolla, MO.
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through the beds, and a pressure gage was installed in front of the
meter to control the pressure in the column test system. A 30-ft
(9;14-m) long piece of 1.,25-in, (3.18-cm) ID PVC pipe was provided to
collect the effluent from both the rapid mix-sedimentation and column
units and to discharge it into the manhole at the downstream side of
the dam.

The rapid mix-sedimentation units consisted of a mixing tank
equipped with a propeller stirrer, avsedimentation tank, an alumina
feeding sjstem, and a flow regulating device. The alumina feeders
were those’used with the bench-scale system, except that the chemical
storage capacity was enlarged to accommodate round-the-clock continuous
operation between each refill, To accomplish this purpose a 12-in.
(30.5-cm) section of 6-in. (15.2-cm) diam clear cast acrylic tubing
was installed on top of the plastic funnel used with the dry feeder
[F-1 (-100) alumina], while a 5-gal (18.9-1) polyethylene container
was used to hold the alumina suspension in the wet feeder [F-1 (-325)].
The rapid mix and sedimentation tanks were designed for a test flow of
0.5 gpm (1.9 1/min), and to increase the flexibility of operation,
both tanks were built to be capable of providing a range of detention
times without changing the influent flow rate. The tanks were made
of 0,25-in. (0.6l-cm) thick clear plexiglas sheets, 'and their
dimensions and construction details are shown in Figure 10, The volume
of the mixihg tanks and corresponding detention time could be changed
by selecting a suitable outlet, and based on the 0.5 gpm (1.9 1/min)

flow the following relationships held.
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Mixing Tank Volume Detention Time
Qutlet 1 min
A 47,1 25
B 45,7 24
C 41,5 22
D 34.6 18
E 26.3 14
F 22.9 12
G 18.7 10

The sedimentation tanks were designed on the basis of an overflow rate
of 190 gpd/sq ft (7.75 cu m/day/sq m) and a detention time of 2 hr.

The tanks provided a 10-cu ft (0.28-cu m) settling zone and a 0.93-cu ft
(0.026-~cu m) sludge zone; the height of the overflow weir could be
easily changed by replacing the weir plate and correspondingly the
volume of the tank could be varied. The cone-driven stirrer (operating
at 2,800 rpm) was retained with Unit 1, however, a higher speed (3,200
rpm) stirrer* was employed with Unit 2 to assure adequate mixing of the
larger alumina, The flow regulating device was the same as used in the
laboratory, except that appropriate adjustments were made to permit the
higher flow.

The design of the 4 field columns was based on the operational
characteristics of the small bench-scale columns; these had been
developed by Yue and Purushothaman (34,35) who had employed flow rates
ranging from 0.7 to 0.2 gpm/sq ft (28.5 to 8.1 1/min/sq m) and
corresponding detention times varying from 5 to 22 min. The field
columns were designed to provide 20 min detention at a flow rate of
1.4 gpm/sq ft (57 1/min/sq m). They were constructed using 6-in.
(15.2-cm) diam clear acrylic tubing, 42 in. (106.6 cm) in length, and

*Dyna-mix model 143, a product of Fisher Scientific, Pittsburgh, PA.
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flarge joints at both ends. The joints were made of a 0,5-in. (1.3-cm)
thick clear plexiglas sheet and a 0.0625-in. (0.16-cm) thick red rubber
gasket. A 3-in. (7.6-cm) section of 5.5-in. (1l4cm) diam clear acrylic
tubing, covered with 50 mesh stainless steel screen and filled with
6-mm diam glass beads, was placed at each end of each column, and the
space between the column wall and this section was filled with glass
wool in order to prevent the leakage of alumina. The section functioned
as a filter as well as a dissipator of the flow, The columns were
packed with 25 1b (11,4 kg) of F-1 (28-48) alumina between the 2
filters, Two sampling ports were initially designed for each column,
however, the ports clogged with alumina shortly after a run began and
were not used. The dimensions and construction details of each column
are shown in Figure 11, |
D. REGENERATION SYSTEM

Regeneration of the exhausted alumina from the bench rapid mix-
sedimentation system was accomplished using 2, 6.unit variable speed
(20 to 100~rpm) stirrers, usually employed for water coagulation
studies, and a series of 1.1 beakers. Exhausted alumina from the field
rapid mix-sedimentation units was regenerated in the laboratory using
L, 30-gal (113,6-1) epoxy-coated steel drums using 2 pilot plant
stirrers,* and liquid transfer between the drums was facilitated by
2 self-priming pumps.** An arrangement of the system is shown in

Figure 12, The regenerated alumina was then placed in aluminum baking

*Lightnin Models 10 and 10X, products of the Mixing Equipment Co.,

Rochester, NY.
*¥Model PE4-M6, a product of ITT Jabsco Inc., Costa Mesa, CA.
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pa.ns,* and was dried at 59° C** for a period of 1 wk., Alumina in the
exhausted bench and field columns was treated in the columns, which

if necessary were brought to the laboratory. The large multi-.channel
finger pump was used to circulate the regenerant and subsequent wash

water through each column in the upflow mode.

*Eight 18 x 24.in, (45.7 x 6l.cm) pans were used; they were purchased
from the State Agency for Surplus Property, Jefferson City, MO.
**No, 751A.X, a product of Lab.Line Instruments, Inc., Melrose Park IL.
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VI. EXPERIMENTAL STUDIES AND RESULTS

Studies were undertaken during a 9-month period (June 1973 to
March 1974) to evaluate the ability of 3 activated aluminas to remove
nutrients from wastewater treatment plant effluent and to investigate
the regeneration characteristics of the spent aluminas. Two test runs
(s-1 and 5-2) were made in the field utilizing concurrently the rapid
mix-sedimentation and column operational modes; ‘Run S-1, a l-month test
conducted in June and July 1973, employed fresh aluminas and Run S-2,
a 2.wk test performed in September and October 1973, investigated
regenerated aluminas., A final run (S-3) was then made in the laboratory
using aluminas which had been regenerated twice; the column study was
performed over a 6-day period in February 1974, while the rapid mix-
sedimentation study was run on March 3, 1974. Aluminas used in the
rapid mix.sedimentation system were removed from the sedimentation
basins and were regenerated (in a batch system) with 1M sodium
hydroxide, washed with distilled water, dried at 59° C for 7 days, and
crushed with a cement trowel to individual particles for reuse; the
alumina in the columns was treated in place with 1M sodium hydroxide and
distilled water, and was not dried prior to reuse. The studies perform.
ed and their time sequence are outlined in Figure 13, and a summary of
the experimental conditions employed is given in Table IX; to facilitate
presentation, the results are not reported in sequence but have been
grouped into 2 sections, sorption and regeneration studies.
A, SORPTION STUDIES

Field work was conducted at the Rolla Southwest Sewage Treatment
Plant and effluent from this plant was used in the laboratory investiga.

tions. The plant was located approximately 2 miles southwest of the
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TABLE IX., SUMMARY OF EXPERIMENTAL CONDITIONS

Sorption Studies

Unit 1 - F-1(=325) Unit 2 = F-1(.100) _ Column - F-1(28-48)
| Run ) Flow |Detention Time |Alumina) Flow |Detention Time JATuminalColumn JAlumina] Rate | Det
Ra Mix Sed Rate Mix Sed Volume v Time
Ko, g;g min nre | 22 | gpb | min ne | 2T 1| w5 | min
s-1 | 30.8" | 247 | 247 | 5.6 | 307t | 2t | 2.4%| 7.t | 13.6 | 25 1.3 | 23
Se2 31.2 24 2.4 9.3 31.4 24 2.4 | 9.4 13.6 25 1.5 16
8«3 1,0 16 2,0 7.7 1,0 17 2,0 7.8 0.1 0.22 0.3 7
Regeneration Studies
Unit 1 < F=.1(~325) & Unit 2 - F-1(-100) Column -~ F-.1(28.48)
Run iM NaOH Wash™ Water Wash Dry | Rate iM NaOH Wash™ Water Wash
Wash | Alu. | Mix | No. |[Volume|Mix | Time No. |Volume|Recirc| No., |Volume|Recirc
No. Volu*e m%” Time of Cycle | Time of Cycle| Time of Cycle| Time
gal 1l hr |Cycles| gal min hr |sq gﬁ Cycles| gal hr |Cycles| gal hr
10 6
R-1 18 30 4,5 2 18 30 168 0.12 2 2 14 5
6.5 5
: / 0.16] 19.5
R-2 0.13| 0.22| 4.5 2 0.18 1 7%.5] 0,12 1 0.,12] 21,2 3 0.08 4,8
0.08 6.0

*To convert gph to 1/hr & gal to 1 multiply by 3.785.
*»To convert g/gal to g/l multiply by 0.264,
#To convert gpm/sq ft to cu m/day/sq m multiply by 0,408,

#4#To convert 1b to kg multiply by 0.454,

+Average values during July 4.18 period,
hydroxyl ion to alumina weight ratios, in gOH™ /g alumina, were 0,085 for F-1(-325)

++The

corresponding :
and F=1(=100) and 0,094 for F.1(28-48),

9L



city limits on the South Outer road. It employed the contact
stabilization activated sludge process and had a design flow of 0.4 mgd
(1,514 cu m/day); however, it was operating only at about 20 percent

of its design capacity, serving an area of approximately 72.6 acres
(29.4 ha) at the southwest corner of the city. Located in this area
were mainly motels, restaurants and service stations, and a few single-
family dwellings; more than 90 percent of the flow was contributed by
the commerical activities. It was estimatedf that wastewater
generated within the area would have taken between 1.25 and 2,5 hr to
reach the plant., A layout of the collection system and a block diagram
of the plant are shown in Figure 14; also indicated on this figure is
the relative position of the field test system., The character of the
contributing area and the fact that the plant was operating well

below design capacity affected the quality of both the influent raw
waste and the plant effluent. Unfortunately, the other 2 Rolla plants
were being upgraded at that time and the ongoing construction

activities precluded any field work.

1, Field Studies

An 8.0x6.5x6,0-ft (2.4x2.0x1.8-m) high wooden frame was constructed
and was covered by a 9.5x11.5-ft (2.9x3.5-m) cotton duck tarps** to form
a protective housing for the test equipment (see Figure 9, p.66). A
mobile laboratory was parked nearby to facilitate field work and

*On the basis of the diameter, slope, and length of the sewers
serving the area, it was computed that at full flow the time of
travel to the plant would have been 30 to 60 min; however, because
of the relationship of actual to full flow, the actual velocity
would have been only 35 to 45 percent of the value at full flow, and
correspondingly the time of travel estimate was increased to 75

to 150 min. .
*sNo, 6B7645C, a product of Sears, Roebuck and Co., Kansas City, MO.
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provide storage for materials and tools and overnight shelter during
24_hr sampling tests.

The rapid mix-sedimentation test equipment was thoroughly cleaned
and assembled in the laboratory, and was then transported to the field
location where the pump, flow controlling devices, and inlet and outlet
tubing were connected. The flow controlling devices and chemical
feeding systems were initially adjusted in the laboratory and were
checked on a daily basis. The alumina feeding reservoirs were refilled
each morning, and used aluminas were withdrawn from the sedimentation
basins by siphoning every 3 or 4 days and placed into plastic containers
which were then carried to the laboratory for regeneration. The &4
columns were packed with alumina in the laboratory and were transported
to the field completely assembled; 2 of the columns were connected in
gseries and tied to the inlet pump so as to allow upflow operation. The
flow through and pressure in the columns were controlled by adjusting
appropriate valves in the system, and the total amount of secondary
effluent passing through the columns was automatically recorded on the
flow meter. Samples were collected in the morning (10:00 AM) and in
the afternoon (6:00 PM) and were obtained from 5 different points:
influent to the 2 systems and effluents from Unit 1 [dosed with
F1 (-325) aluminaJ, Unit 2 [supplied with F-1 (~100) alumina/, and
Colums 1 and 2 [both loaded with F-1 (28-48) alumina/. The morning
samples were stored at 4° ¢ until they were composited on an equal
volume basis with the afternoon samples. The composites were analyzed
on the same day for Polytortho.P, NHB-N, Org-N, N03,. ’ NOZ-N, coD, TSS,
turbidity, and pH.
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The 2 sampling times (10:00 AM and 6:00 PM) were selected to
reflect the average daily quality of both the influent and effluent
samples. In order to arrive at these 2 times, the characteristics of
the Rolla treatment plant effluent were monitored on a 24.hr basis on
3 different occasions (May 29-30, June 8.9, and September 25-26, 1973),
and the results have been presented in Figure 2 (p.42-44); the May
and June dates preceded Run S-1 and the September date preceded Run
S-2. The phosphorus data are summarized in Figure 15, together with
the corresponding plant flow, Because the diurnal fluctuation in the
concentration of phosphorus was relatively small, consideration was
also given in selecting the sampling times to the plant maintenance
schedule and the need to complete the analyses within the same day,
vwhile avoiding conflict with other students utilizing the same
analytical equipment in the laboratory.

Two test runs were conducted in the field and the daily operational
characteristics are given in Table X and summarized in Table IX (p.76).
Run S-1 employed fresh alumina, while Run S-2 used the same alumina
after it had been treated with 1M sodium hydroxide to restore its
sorptive capacity as outlined in Table IX (Run R-1). Quality
characteristics are presented in Table XI (influent to the system),
XII (effluent from the rapid mixesedimentation units), and XIII
(effluent from the columns),

The rapid mix-sedimentation system performed satisfactorily
throughout Run S-1 with only a few minor difficulties which caused the
leakage of phosphorus from the units (Figure 16); these resulted from
the failure of the alumina feeding system in Unit 1 and of the mixing
stirrer in Unit 2. The dosing rate of the wet feeding system employed
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TABLE X, FIELD TEST SYSTEM STUDIES - OPERATIONAL CHARACTERISTICS
Day Unit 1 - Fa1(~325) _ Unit 2 - F-1(-100) _Columms - F-1(28-48)
of Flow Detention Alu. Flow Detention Alu. |Thru. Load Det
o Date Rate Time mina Rate Time mina Put Rate Time
gl « | ¥ix | Sed | Dose Mix | Sed | Dose |Volume min
atlon gph | min hr alf | gph | min glgal | gm1* 57t | solwm
Run S.1 - Fresh Alumina
1 6/18 29.7 25 2,5 5.2 29.8 25 2.5 6.7 68 0.6 36
2 6/19 | 30.8 24 2.4 5.0 | 30.9 24 2.4 6.5 190 0.5 Ly
3 6/20 | 30.9 24 2.4 5.0 | 31,4 24 2.4 6.4 279 0.4 55
4 6/21 | 31.1 4. | 2.4 5.0 | 31,2 A4 2.4 6.4 664 1.6 14
5 6/22 | 30.9 24 2.4 5.0 | 31.5 2 2.4 6.4 969 1.3 17
6 6/23 | 31.5 24 2.4 4,9 | 31,6 2 2.4 6.4 |[1,351 1.6 14
7 é6/24 | 29,5 25 2.5 5.2 | 28,7 26 2.6 7.0 |[1,821 2.0 11
8 6/25 | 26.7 28 2,8 5.8 | 27.8 27 2,7 7.2 2,129 1.3 17
9 6/26 | 25.8 29 2.9 6.0 | 26,6 28 2.8 7.5 |2,225 0.4 55
10 6/27 | 25.5 29 2,9 6.0 | 24.7 30 3.0 8.1 |2,365 0.6 36
11 6/28 | 23.1 32 3.2 6.7 | 23.0 32 3.2 8.7 |2,621 1.1 20
12 6/29 | 22,8 33 3.3 6.8 | 21.6 H 3.5 9.3 |2,865 1.0 22
13 6/30 | 22,0 34 3.4 7.0 | 20.8 36 3.6 | 9.7 |3,208 1.5 15
14 7/1 21,4 35 3.5 7.2 | 20,0 37 3.7 | 10.0 |3,482 1.1 20
15 7/2 19.7 38 3.8 7.8 | 19.0 39 3.9 | 10.5 |3,869 1.6 14
16 7/3 18,7 40 4,0 8.2 | 17.8 42 4,2 | 11.3 |4,289 1,7 13
17 7/% 29.6 25 2.5 5.2 | 30.9 24 2.4 6.5 |4,328 2.5 9
1st column removed;
2nd column became 1st
& new column added.
4,701 1.7 13
18 7/5 30.3 25 2.5 5.1 | 30.9 2 2.4 6.5 4,747 0.2 | 109
19 7/6 28.5 26 2.6 5.4 29.6 25 2.5 6.8 5,125 1,6 14
20 7[7 31.1 24 2.4 5.0 | 29.5 25 2,5 6.8 15,575 1.9 12

#To convert gph to 1/hr or gal to 1 multiply by 3.785.
#To convert g/gal to g/l multiply by 0.26k.
+To convert gmm/sq ft to 1/min/sq m multiply by 40,7,




TABLE X(cont,). FIELD TEST SYSTEM STUDIES - OPERATIONAL CHARACTERISTICS

Day Unit 1 = F=1(=325) Unit 2 = F-1(-100) Colums - F-1(28-48)
of Flow Detention Alu. Flow Detention Alu- | Thru. Load Det
Oper. Date Rate Time mina Rate Time mina Put Rate Time
ati o:x Mix Sed Dose Mix Sed Dose | Volume _g%; min
gph* | min hr alf | gph | min hr |g/gal | gal* |Sq ft+ | colwm
Run S.1 - Fresh Alumina (cont,)
21 7/8 30.9 24 2.4 5.0 | 30.6 24 2.k 6.6 |6,089 2.2 10
22 7/9 30.1 25 2,5 5.1 | 30.8 24 2.4 6.5 | 6,484 1,7 13
23 7/10 | 31.4 24 2.4 4,9 | 30.9 24 2.4 6.5 |6,907 1.8 12
24 7/11 | 30.5 25 2.4 5.0 | 30.1 25 2.5 6.6 | 7,339 1.8 12
25 7/12 | 31.1 24 2.4 5.0 | 31.2 2% 2.4 6.4 | 7,629 1.2 18
26 7/13 | 31.2 2l 2.4 k.9 | 30.9 24 2.4 6.5 | 8,031 1.7 13
27 7/14 | 31.7 23 2.4 4,9 | 30.8 24 2.4 6.5 | 8,416 1.6 14
28 | 7/15 | 31.7 | 23 24| u9 | 31,2 | 24 2.4 | 6.4 |8,756 | 1.4 | 16
29 7/16 | 31.1 2 2.4 5.0 | 31,2 24 2.4 6.4 9,073 1.3 17
30 7/17 30.9 24 2.4 5.0 | 31.1 24 2.4 6.4 | 9,307 1.0 22
31 7/18 | 31.4 24 2.4] 4.9 | 30.8 24 2.4 6.5 19,385 1.0 22
_ _ — Run 5-2 - ege_sms_f_r_aj.ei_ﬁ:lumina - ~ —
1 9/28 T 30.9 2k 2.h 9.5 | 31.9 23 2.3 9.3 71 0.7 31
2 9/29 | 31.4 24 2.4 9.2 | 31.4 2k 2.4 9.4 555 2.1 10
3 9/30 | 31,7 23 2.4 9.1 | 31.6 24 2.4 9.4 939 1.6 14
4 10/1 | 31,7 23 2,4 9.1 | 31.4 P 2.4 9.4 |1,176 1.0 22
5 10/2 | 31,7 | 24 24 9.3 | 311 | 24 2.4 | 9.5 [1,472 1.3 | 17
6 10/3 | 31.6 23 2.4 9.1 | 31.7 23 2.4 9.3 |1,959 2.2 10
7 10/4 | 31.1 20 2.4 9.3 | 3t.4 | 24 24 | 9.4 | 2,549 2.4 9
8 10/5 | 30,1 25 2.5 9.6 | 30.9 2l 2.4 9.6 |2,992 1.8 12
9 10/6 | 31,7 23 2.4 9.1 | 32.0 23 2.4 9.2 | 3,408 1.8 12
10 10/7 | 31.1 24 2.4 9.3 | 31.1 24 2.4 9.5 | 3,850 1.8 12
11 10/8 | 31.1 24 2.4 9.3 | 31.1 2 2.4 9.5 | 4,081 1.0 22
12 10/9 | 30.9 24 2.4 9.4 | 31.2 24 2.4 9.5 | 4,288 0.9 24
13 | 10/10 | 30.9 24 2.4 9.4 | 31.2 { 24 2.4 9.5 | 4,312 1.2 18

*To convert gph to 1/hr or gal to 1 multiply by 3.785.
#To convert g/gal to g/l multiply by 0.264,
+To convert gpm/sq ft to 1/min/sq m multiply by 40.7.
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TABLE XI., QUALITY OF SECONDARY TREATMENT PLANT EFFLUENT

Day Poly, | Nitrogen
of Datg orlt)ho NH3 Org N03 NO2 COD | TSS | Turb p
arion mg P/1 mg N/1 mg/1 jtu
Run S-1 - Fresh Alumina
1T 6/18 7 6.70 [ 0.80] 0.6 8.0[0.24[ 32 8| 5.5] 7.5
2| 6/19 | 7.70 | 1.13] 0.90| 8.3|0.15| 32 | 16 | 5.0} 7.8
3| 6/20 | 7.10 | 0.49] 1.19| 11,4] 0,07 16 | 10 | 3.5] 7.9
L | 6/21 | 7.30 | 1.40 0{12.,2|0.41| 20 | 18 | 4.6 | 7.9
5 | 6/22 | 8,00 | 1,45 0.23|13.9|0.12]| 24 2| 3.8 7.4
6 | 6/23 | 7.30 |1.20] 1.04)13,7|0.15| 68 | 12 | 12 7.1
7 | 6/2s | 7.30 |1,78] 0.18 | 14,2 0.21| 32 b | 4.2 6.9
8 | 6/25 | 8,10 | 0,99 0.41|15.810.13]| 43 | 14 |11 7.5
9 | 6/26 | 7.30 |1.55]| 0,13 [13.7|0.14| 51 | 20 | 6.2 | 7.1
10 | 6/27 | 7.70 | 1.40]| 0.56|12.5|0.14| 23 2 | 6.5 7.5
11 | 6/28 | 6,50 |1,28|0,40{13,0]/0.13| 51 | 22 | 6 7.6
12 | 6/29 | 6.40 | 0.95]0.59|15.5(0.14| 23 | 22 | 4.7 | 7.7
13 | 6/30 | 6,40 | 0,80|0.60]|15.7{0.21) 39 | 18 | 3.1 | 7.5
i | 71 8,60 | 1,67(0.22|14.5|0.22| 20 8 | 4.3 | 7.6
15 | 7/2 7.80 | 1.48] 0,06 | 13.3|0.16| 23 8 | 2,7 | 7.5
16 | 7/3 | 8.30 |1.55|0.13|12.7{0.,17| 24 | 16 | 3.3 | 7.7
17 | 7/4 8.00 | 0.52}0.88}13.,5|0,08] 28 0| 4.8 | 7.6
18 | 7/5 7.70 | 0.95]| 0.03 | 12,7 0,06 16 | 14 | 3.5 | 7.6
19 | 7/6 6.30 | 0,78|1.32|15.3|0.16| 43 | 16 | 9.8 | 7.6
20 | 7/7 8.90 |1.53|0.30[13.7|0.22| 20 | 28 | 4.5 | 7.6
21 | 7/8 8.10 | 2,09 0|16.1 0,22 23 b | 3.3]75
2 | 7/9 8.10 | 1.50 0/15.5{0.15| 24 0| 2.8 7.6
23 | 7/10 | 7.50 |4.40|0.90| 8.3|0.51 | 47 0| 6.8 7.6
24 | 7/11 | 6,80 |2.55 0(12,6|0.18| 20 0| 3.81]7.6
25 | 7/12 | 6.10 | 1,73 012,71 0.14| 31 0| 6.1 ] 7.5
26 | 7/13 | 7.90 }1,05|1.05|13.0|0.15] 23 0| 3.2 |7.5
27 | 7/is | 9.00 | 1,78 0|14.0]0.,12| 24 0| 2,5 |76
28 | 7/15 | 8.80 | 1.90] 0,62 | 15.5]0.17 | 16 0| 2.4 | 7.6
29 | 7/16 | 8,90 {0,98]| 0.1k | 15,7 |0.08| 2k 0] 1.9 |76
30 | 7/17 | 8.90 |2.15 0]16.1 | 0.14| 15 6 | 4.3 | 7.6
31 | 7/18 | 8.60 |2.48 0|14.00.21 | 27 0| 2,7 | 7.6
Run S-2 - Regenerated Alumina
1] 9/28 | 7.50 [0.55]0.29[10.7]0.02| &7 0] 2.8]8.1
2 | 9/29 | 7.20 [0,70| 0.42 | 8.8 0,03 | 47 0 | 3.4 173
3 | 9/30 | 5.50 |0.78]|0,76|11,0/0.03| 8 0| 2.6 | 7.3
4 | 10/1 | 6.50 | 0.53]|0.45 10,8 |0.02 | 16 0| 5.8 |7.7
5 | 10/2 | 6.90 |0.15]0.55|11.0]0.02| 20 0 |28 7.3
6 | 10/3 | 7.20 |0.52]0.18 |12,810.03 | 24 0| 3.5|7.7
7 | 10/ | 5.80 | 040 | OMk [11.7 [ 0.0k | 12 o] 4.1 |73
8 | 10/5 | 5.80 |0.20|0.92| 9.70.,07| 5% | 0 | 3.4 [7.3
10 | 10/7 | 5.40 | 1,00 0/11,1]0,08| 12 | 18 | 3 7.2
11 | 10/8 | 6.10 |0,15]0.,69 |11.7 [0.03 | 12 | 32 | 2.5 | 7.2
12 | 10/9 | 6.10 |0.65]1.17 |11,7 /0,06 | 28 | 30 |11 742
13 | 10/10] 7.00 |1.45 0[12,2/0.15] 24 | 16 | 3.6 | 7.2
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TABLE XIII(cont.).
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in Unit 1 was controlled by means of a variable speed, multi.channel
finger pump. Unfortunately, 1 of the 4 springs behind the pressure
plate, which was used in conjunction with the fingers to preés the
tygon tubing during pumping, was broken on the 8th and 26th day of
operation and as a consequence an insufficient amount of alumina was
supplied to the unit. In Unit 2, the stirrer motor became overheated
after it had operated for 4 days and caused its fuse to blow. When
attempts to restore the motor operation failed (several fuses were
blown in the process and the problem was later found to be related to
the armature), the stirrer was replaced with a cone-driven unit, The
new stirrer was not able to provide adequate agitation and auxiliary
manual mixing was required periodically in order to remove excessive
alumina from the mixing tank; however, the effectiveness of the system
was not seriously affected. A new high.speed stirrer was procured and
placed in operation on July 4 (the 17th day), however, it also failed
after 5 days and was again replaced with the cone-driven unit,

The chemical dosing systems were initially adjusted to provide
alumina doses of 6.7 and 7.1 g/gal (1.8 and 1.9 g/1) to Units 1 and
2, respectively. The actual doses averaged 5.6 g/gal (1.5 g/1) for
Unit 1 and 7.1 gfgal (1.9 g/1) for Unit 2 over the 31.day test period.
The flow rate of the wet feeding system employed in Unit 1 had been

adjusted in the laboratory with tap water and apparently this rate

*These doses were based on the findings of the preliminary laboratory
study shown in Table VIII (p.63-64), Considering both phosphorus
removal efficiency and sorptive capacity, doses of 6.5 and 6.9 g/gal
(1,7 and 1,8 g/1) were selected for the F-1 (-325) and F-1 (-100)
aluminas; however, because the initial Polytortho-P concentration
averaged 6.1 mg P7l in the laboratory study and was expected to average
6.3 mg P/1 in the field study (Figure 15, June 8.9), the doses were
adjusted to 6.7 and 7.1 g/gal (1.8 and 1.9 g/1).
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could not be maintained with the mixture of alumina and distilled
water, especially under the increased suction head which was required.

A flow rate of approximately 30 gph (114 1/hr) was employed with
both units, however, when the system had been operated for about 6 days
the rate was found to gradually decrease., The cause for this was not
established until a microbial growth was observed in the inlet tubing;
thereafter the tubes were cleaned daily and the flow rate was maintained
at a relatively constant level. During the period of reduced flow, the
residual Poly+ortho-P in the effluent from the units decreased by only
a fraction of 1 mg P/1 (Figure 16) despite the fact that the alumina
dose was correspondingly significantly increased. By the end of the
Tun an average of 21,053 gal (79,693 1) had passed through each unit,
and 242.0 and 314,5 1b (109.8 and 142,8 kg) of F-1 (-325) and F-1 (-100)
aluminas had been fed to Units 1 and 2, respectively.

Average values for each major parameter tested, computed from the
data presented in Tables XII and XIII, are summarized below, together

with the corresponding removal efficiency.

Avg Concentration, mg/ 1" Removal, %
Unit 1 Unit 2 Unit 1 Unit 2
Parameter Influent F~1(-325) F-1(-100) F-1(-325) F-1(-100)
Poly+ortho.P 7.68 1,78 1,78 76.8 76,8
NHB-N 1.49 1.33 1.33 10,7 10.7
org-N 0.40 0.11 0.16 72.5 60.0
NOg=N 13.4 13,2 13.1 1.5 2.2
NO2-N 0.16 0.18 0.20 -12.5 -25.0
Cob 29 19 20 4.5 31.0
TSS 9 72 13 -700,0 =Ly L

*The alumina doses averaged 5.6 and 7.1 gf/gal (1.5 and 1.9 g/1) in
Unit 1 and 2, respectively.

The average phosphorus removal in both units was 76.8 percent and was
gomparable to the values which had been obtained in the earier bench
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rapid mix-sedimentation studies, although the initial phosphorus
concentration was lower (see Table VIII, p.63-64). The percent of
Org-N removal also appeared to be substantial, however, it actually
reflected only 0.2 to 0.3 mg N/1 reduction, which could have resulted
from experimental error. When the concentration of total nitrogen*
was considered (Figure 16), only minor changes were noted and the
average value in the effluent from both units was only about 4 percent
lower than the influent value. The removal of COD ranged from 31 to 34
percent, while TSS increased in the alumina-treated wastewater due to
leakage of material; the extent of this leakage depended on the
particle size employed and averaged in excess of 700 percent in Unit
1 and 44 percent in Unit 2. The alumina particles did not effectively
settle in this experiment, even though the sedimentation tanks had been
designed for a lower overflow rate than was experimentally determined.
The column test system was operated concurrently with the rapid
mix.sedimentation units and was initially designed to consist of &
colums; 2 of the columns were to be operated in series and the other
2 were to be added in stagesiwhen the lead column exhibited breakthrough
of phosphorus and was removed from the system. Unfortunately, 1 of
the columns was damaged by excessive pressure during the 1st day of
Run S~1 and could not be repaired in time to be used again in this run,
The operational and quality characteristics of Run S-1 are given in
Tables X and XIII, respectively, and the quality of the secondary
effluent which was fed to the columns is shown in Table XI. The

colunns were operated at an average hydraulic loading of 1.3 gpm/sq ft

The sum of NHB-N, Org-N, N03-N, and NO,-N.
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(53 1/min/sq m), and over the 3i.day test period the 3 colums
processed 9,385 gal (35,522 1) of effluent; considering that each
column contained 25 1b (11,35 kg) of activated alumina, the
corresponding alumina dose was 3.6 gfgal (1.0 g/1).

Phosphorus breakthrough curves for the 3 columns are plotted in
Figu;'e 17, and average values over the test period for each pa.ra.metér

tested and the corresponding removal efficiencies are given below.

Avg Concentration, mg/l

Parameter Influent Column 2 - F-1(28.48) Removal
Poly+ortho-P .68 0.31 96,0
NH3-N 1.49 0.87 1.6
Org-N 0.40 0.14 65.0
NO3-N 13,4 13.8 -3.0
NC2-N 0.18 0.18 0
COD 29 20* 31,0 N

*If the 1st.day effluent is not considered, the corresponding

values would be 7 mg/l and +22.2 %,
The column system was able to produce a better quality effluent in
terms of Polytortho-P (0.31 mg P/1 compared to 1.78 mg P/1) and at
an alumina dose which was 36 to 50 percent lower than used in the
rapid mix-sedimentation system. If the run had been stopped on the 24th
day of operation (July 11) when Column 2 (the 3rd column) began to
breakthrough (Figure 17), the colums would have processed 7,339 gal
(27,778 1) and the corresponding alumina dose would have been 4.6
g/gal (1.2 g/1), which was still significantly lower than the doses
employed in the rapid mix-sedimentation system; at the same time the
effluent Poly+tortho-P concentration would have averaged 0,07 mg P/1
indicating a better than 99 percent removal., The removal of total
nitrogen was less in the column system and over the total 3l.day period
it averaged less than 3 percent. The removal of COD was approximately



o2} @
o (@)

Remaining Poly+ortho-P, %
D
Q

N
o

Column 2 \ _____ -’
’
4

(4

-
-

FIGURE

17.

3 4 5 6 7 8 9 10
Volumetric Throughput, gal(xi03)

To convert gal to | multiply by 3.785
FIELD COLUMN TEST SYSTEM STUDIES - RUN S-i



95

the same and the concentration of TSS in the treated effluent was
generally low, except in the beginning of the test run when the finer
alumina particles were washed out of the column beds.

At the end of Run S-1 the used aluminas which had been removed
from the sedimentation basins and the 3 columns were brought to the
laboratory for regeneration. Part of these materials was employed in
the regeneration study (see Figure 13, p.75), which is described later
in this chapter, and the remaining aluminas were regenerated using the
experimental conditions outlined in Table IX (p.76) for Run R-1.
Sufficient F=1 (-325) and F-1 (-100) materials to enable operation
of the rapid mix-sedimentation units for 2 wk and 2 of the columns
were regenerated. »

Run S-2 was started on September 28 and continued through October
10, Samples were again taken at 10:00 AM and 6:00 PM and the
composites were analyzed for Polytortho.P, NHB.N. Org-N, NOB.N, NOZ.N,
COD, TSS, turbidity, and pH. The procedures used in this run were
essentially the same as those employed in Run S-1, and appropriate
operational characteristics are listed in Table X (p.82.83).

Ful (=325) and F-1 (-100) alumina doses of 9.8 and 8.9 g/gal
(2.6 and 2.4 g/1) were selected for Units 1 and 2, respectively.

Although these doses were higher than those applied in Run S-1, they

*These doses were based on the previously (p.90) selected values of
6.5 and 6.9 gfgal (1.7 and 1.8 g/1) for fresh F-1 (-325) and F-1
(=100) aluminas at an influent Poly+ortho-P concentration of 6.1
mg P/1. Since the Polyt+ortho-P concentration was expected to average
7.8 mg P/1 (Figure 15, p.81, September 25.26) and the weight
increase of the 2 aluminas over the corresponding fresh materials
was estimated as 18.73 and 1.27 percent, respectively (see Table IV,
p.40; the regenerated aluminas were dried at 59° C for 7 days), the
doses were adjusted to 9.8 and 8.9 g/gal (2.6 and 2.4 gfl).
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reflected both a greater moisture content in the regenerated materials
and an expected increase in the Polytortho-P concentration of the
secondary plant effluent, and in fact provided the same dry alumina
to phosphorus weight ratio as was employed in the 1st run., The
actual alumina feed rates over the 13-day test period averaged 9.3 and
9.4 g/gal (2.5 and 2.5 g/1), corresponding to 7.9 and 9.3 g/gal
(2.1 and 2.5 g/1) of fresh aluminas. A total volume of approximately
9,735 gal (36,847 1) of secondary plant effluent was treated by each
unit at an average flow rate of 31.2 gph (118 1/hr), and since enough
practical experience had been gained in the previous run, no
operational difficulties were encountered during this test run.
Quality data pertaining to Run S-2 are presented in Table XI and
XII (p.84-86) and Figure 18, and average values for each parameter
tested are given below,

Avg Concentration, mg/l* Removal, ¢

Unit 1 Unit 2 Unit 1 Unit 2
Parameter Influent F=1(-325) F=1(-100) F-1(.325) F=1(-100)
Poly+ortho-P 6.37 1.50 1.65 76.4 74,1
NHA=N 0.66 0.64 0.66 3.0 0
Org-N 0.45  0.15 0.19 66.7 57.8
NO3-N 11,1 11,4 11,2 2.7 20.9
NO2-N 0.05 0,07 0.06 -40,0 -20,0
COoD 24 18 20 25.0 16.7
TSS 11 105 23 -854.5 -109.1

*The alumina doses (fresh alumina basis) averaged 7.9 and 9.3 g/gal
(2.1 and 2.5 gf1) in Units 1 & 2, respectively.
The average phosphorus removals of 76.4 and ?4%.1 percent for Units 1
and 2 were slightly lower than the 76,8 percent value obtained by both
units in Run S-1. Also, because the actual average Poly+ortho-P
concentration was only 6.4 mg P/1, rather than the anticipated 7.8
mg P/1, the regenerated alumina doses were correspondingly significantly
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higher; unfortunately, it was not feasible to adjust the alumina dosing
rate during the run. L/Although it is not possible to determine from
these data whether the regenerated aluminas had a reduced sorptive
capacity, it is significant that the overdose which was actually
applied did not result in a decreased phosphorus concentration in the
effluent. It should also be pointed out that the Polytortho-P
concentration of the effluent (Figure 18) remained essentially constant
(in the neighborhood of 1.5 mg P/1) after the 3rd day, despite the fact
that some of the influent phosphorus values were the lowest encountered
in the field study. Again, little, if any, nitrogen was removed; in
terms of total nitrogen the removal ranged from O in Unit 1 to 1.2
percent in Unit 2, The COD was reduced by 25 and 17 percent, and the
TSS content increased by 854 and 110 percent, respectively, in Units

1 and 2, Twenty six percent of the total amount of 7SS discharged from
the units during the run was measured in samples collected during the
i1st.day; if these samples were excluded from consideration, the TSS

| increases would have been similar to the values obtained in Run S-1.

The column test system in Run S-2 consisted of 2 columns containing
regenerated alumina which were connected in series and were operated in
the upflow mode. The study was conducted in a mammer similar to Run
S-1 and was continued until both columns were almost exhausted. The
operational and quality characteristics are presented in Table X, XI
and XIII, respectively, and breakthrough curves are plotted in Figure
19. Difficulty was encountered with clogging of the columns. During
Run S-1 a lot of solid matter in the secondary effluent had been trapped
on the beds and apparently was not removed during regeneration; in fact
the bed material became more compact and partly agglomerated into lumps.



99

Date
—September — October 4
L % L. i L 3. J8 !p
140 T T T T 7 T T
\
l20r4‘ N

100

?
a’
]
-g Col |
+ 80} olumn A
o
; » /’\\\ -
& 7N\
g 60t \ / “ -
g L / \ i
8 / ‘,
40| / \| -
|
- ‘ .
\
\
20} \ -
\
//
0 ||..__4,_==g,..--£ 1 | | 1
0] l 2 3 4

FIGURE 19.

Volumetric Throuthut, gal(x103)

To convert gal to | multiply by 3.785
FIELD COLUMN TEST SYSTEM STUDIES - RUN S-2



100

When secondary effluent was charged to the columns during Run S-2
clogging and channelling were observed; as a result the run had to be
interrupted on the 7th and 12th day of operation, the flange joints
were opened, and the lumps were manually crushed. This problem was not
noted during the laboratory studies using the bench column test system.

Average values for the experimental data are as follows:

Avg Concentration, mg/l

Parameter Influent Colum 2 - F.1(28.48) Removal, %
Poly+ortho-P 6.37 1.97 69.1
NH-N 0.66 0.67 -1.5
Org-N 0.45 0.07 8l 4
NO3—N 11,1 11,1 0
NO»=N 0.05 0.11 -120

co. 24 20, 20
TSS 11 89 -709.1

*If the 7th and 12th-day effluents are not considered, the

corresponding values would be 7 mg/l and +36.4 €.
The 2 columns processed a total of 4,312 gal (16,321 1) of secondary
effluent with an average Polytortho-P concentration of 1.97 mg P/1,
which was higher than the values achieved by the rapid mix-
sedimentation system, The average hydraulic loading was 1.5 gpm/sq ft
(61 1/min/sq m) and the alumina dose was 5.3 gfgal (1.4 g/1), which was
significantly lower than the doses employed in the rapid mix-
sedimentation system [7.9 and 9.3 g/gal (2.1 and 2.5 g/1) of F-1 (-325)
and F-1 (~100) on a fresh material basis]/. The initial leakage of
phosphorus (Figure 19) was attributed to incomplete water washing
during the regeneration process. If the run had been stopped before a
significant breakthrough of phosphorus had occurred, the 2 columns
would have treated 1,959 gal (7,415 1) yielding an average phosphorus
concentration of 0.04 mg P/1 (a removal of 99.4 percent); the
corresponding alumina dose, however, would had been 11.6 g/gal
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(3.1 g/1). The reduction in total nitrogen and COD wWere respectively
2.5 and 20,0 percent, and the concentration of TSS in the treated

wastewater was generally low, except when the columns were disturbed to
overcome the clogging problem,

2. Laboratory Studies

A small portion of the used aluminas from Run S-2 was regenerated
in the laboratory to provide material for Run S-3, which employed the
bench test system. The F-l (~325) and F-1 (~100) aluminas were regener-
ated using the 6-unit variable speed stirrer, and the F-1 (28.48)
material was regenerated in 3 bench columns; the experimental conditions
which were employed are outlined in Table IX (Run R-2). The use of the
bench test system was considered appropriate because it had been found
to adequately simulate the field test system; in addition, regeneration
of all the materials that would have been needed for a field run would
have required 6 to 8 wk, and consequently operational problems resulting
from the onset of winter would have been present. The feed waste used in
these studies was effluent from the Rolla treatment plant which was
brought to the laboratory and stored in 1 or 2, 30-.gal (114.1) epoxy-
coated steel drums, The waste was stirred for 10 min prior to use.

The rapid mix.sedimentation study was conducted on March 3. F-l
(-325) and F-1 (-100) doses of 7.7 and 7.8 gfgal (2.0 and 2.1 g/1),

corresponding to 7.1 and 7.7 g/gal (1.9 and 2.0 g/1) of fresh aluminas,

*The regenerated aluminas were dried at 104° C for 3 days. Considering
that pre-wetted F.l (-325) and F-1 (-100) aluminas dried at 104° C for
3 days showed a 4,77 percent weight gain and a 3.73 percent weight
loss (Table IV, p.40), while the corresponding fresh aluminas dried at
1049 C for 40 hr showed weight losses of 3.02 and 2.38 percent, the
weight increase of the regenerated aluminas over the corresponding
fresh materials was estimated to be 7.79 and 1.35 percent.



102

were employed in Units 1 and 2, respectively, and the liquid flow rate
was adjusted to 1.0 gph (3.8 1/hr). Samples were taken at the end of
8 and 10 hr (approximately 3.5 and 4.5 detention times) after the units
had been filled, and were analyzed for Poly+ortho-P, NHB.N, Org-N,
NOy-N, NO,-N, COD, TSS, turbidity, and pH. The operational
characteristics and influent and effluent quality data pertaining to

Run S-3 are presented in Table XIV, and summary values are given below.

Avg Concentration, mg/l* Removal, %
Unit 1 Unit 2 Unit 1 Unit 2
Parameter Influent F-1(-325) F-1(-100) F-1(-325) F-1(-100)
POly'*'Ol‘thO—P 3.98 1.08 1.08 ?209 7209
NH3-N 0.82 0.68 0.82 17.1 0
Org-N 0.30 0.34 0.52 -13.3 -73.3
NOy-N b.h 4.9 4.k ~11.4 0
NO2-N 0.19 0.22 0,20 -15.8 -5.3
CoD 28 38 27 -35.7 3.6
TSS 0 130 104 - -

*The alumina doses (fresh alumina basis) were 7.1 and 7.7 g/gal
(1.9 and 2,0 g/1) for Units 1 and 2, respectively.
v"Unfortunately the strength of the secondary effluent used in Run S-3
was especially low, and consequently the results obtained in this run
may not be fully comparable to those developed in the previous 2 field
tests (Runs 5.1 and 5-2). Although the percent of phosphorus removal
was somewhat lower in this run, the residual concentration was rather
low compared to the values found in the field, Contrary to the other
runs, the concentration of total nitrogen increased, while the
reduction of COD was variable, ranging from .36 to +4 percent.
The column test system consisted of 2 columns, packed with 100 g

(wet) regenerated alumina, which were operated in parallel and in the
upflow mode. The run was conducted from February 5 to 11 and during

this period samples were taken at frequent intervals and analyzed for



TABLE XIV, BENCH RAPID MIX-SEDIMENTATION TEST SYSTEM STUDIES - RUN S-3
Operational Characteristics
Unit 1 - F-1(-325) . Unit 2 = Fel(=100)

Date — Flow Detention Time Alumina Flow Detention Time Alumina
Rate Mix Sed Dose Rate Mix Sed Dose
gpn* min hr g/ga1** gph min hr /gl

3/3 0.96 16 2.0 7.7 0.90 17 2.0 7.8

*To convert gph to 1/hr multiply by 3.785.
**To convert g/gal to g/l multiply by 0.264.,
Quality Characteristics
Sample Polys Ni en _
To. -g;::‘ Zim Type or;ho NH, org NO, NO, CoD TSS Turb pH
hed ng P/1 ng N/1 mg/l jtu
Influent | 4.20 | 0.85 | 0.27 | 4.80 | 0.19 25 0 3 7.9
1 6 Unit 1 | 1,10 | 0.90 0| 5.00 | 0,22 36 122 132 8.4
Unit 2 1.06 1,00 0.40 4,50 0.21 30 8 55 8.3
Influent | 3.75 | 0.78 | 0.3% | 4,00 | 0.19 30 0 3 8.1
2 8 Unit 1 | 1,05 | 0.45 | 0.67 | 4.80 | 0.23 4 138 133 7.1
Unit 2 | 1,09 | 0.63 | 0.63 | 4.30 | 0,20 2% 126 68 8.3

#After unit had been filled,

€01
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Polytortho-P only. The operational characteristics and phosphorus data
are presented in Table XV, and phosphorus breakthrough curves are
plotted in Figure 20. A total volume of 16.5 gal (62.5 1) secondary
effluent was passed through each column at an average hydraulic loading
rate of 0.301 gpm/sq ft (12.25 1/min/sq m), and the corresponding

alumina dose (fresh alumina basis) was 4.9 g/gal (1.3 g/l).*
Considerable initial leakage of phosphorus was observed in both

columns (Figure 20), however, once this had occurred, the effluent
Polytortho-P concentration dropped to a very low level (below 0.1

mg P/1) where it remained for approximately one-half of the run;
thereafter, the phosphorus concentration began to gradually increase
and had reached the 1.0 to 1.2 mg P/1 level by the end of the run. The
average phosphorus removal ranged from 76.4 to 81.1 pefcent, but

again the influent concentration was low (4.24 mg P/1 average).

3. Alumina Loss

The physical loss of alumina, especially in the rapid mix-
sedimentation test system, in addition to increasing the concentration
of TSS in the effluent, constituted a significant economic consideration
in evaluating the process., A study was therefore undertaken to
determine these losses and was conducted using the bench test system

and experimental conditions identical to Run S-3 (Table IX, p.76),

*Considering that 100 g wet alumina were equivalent to 81.6 g fresh
alumina, Exhausted F-1 (28.48) alumina dried at 104° C for 47 hr
showed a 23.58 percent weight loss, while fresh alumina dried at 104°
C for 40 hr showed a 1.08 percent loss; consequently, the weight gain
of the wet exhausted alumina was taken as the difference, or 22.5
percent (see Table IV, p.40).



TABLE XV, BENCH COLUMN TEST SYSTEM STUDIES - RUN Su3
Sample Influent | Column i - F.1(28.48) _ Column 2 - F.1(28.48)
Time of | Poly: Thru- | Load |Deten. [Effluent| Thru- | Load | Deten. | Effluent
Oper- | ortho Put Rate tion Polys Put Rate tion Poly+
Date No, ation P Volume Time ortho Volume Time ortho
P gpm P
hr mg P/1 | gal® oFe™* | min mg P/1 | gal |Bqft min | mg P/l
1 0.13 k.10 0.03 | 0.301 7.1 14,00 0.03 | 0.301 7.1 20.90
2 1.8 0.4 0.306 7.0 1,12 0.4 0,301 7.1 -
2/5 3 4.2 0.9 0.15 | 0.9 0.16
A 7.2 4,26 1.5 0.03 1.6 0.02
5 9.7 4,15 2.1 0.03 2.2 0,03
216 6 12.3 207 oom 2-7 0.03
7 14,6 3.2 0.04 3.2 0.03
8 17.2 4,20 3.8 0.306 7.0 0.04 3.8 0.301 6.9 0.03
9 19,7 LR 0.05 L.y 0.03
10 21,7 4,20 4.8 0,05 k.9 0,03
11 23.6 5.3 0.310 6.9 g.gg 5.; 0.304 7.1 g.&
12 2 . 50 L 50 L]
27 | 13 232 6.1 0.06 | 6.1 0.05
14 30.5 6,8 0.07 6.8 0.06
15 4.4 4,15 7.7 0.306 7.0 0.12 7.7 0.306 7.0 0.09
16 36.3 4,20 8.1 0.10 8.1 0.09
17 38.8 8.7 0.16 8.7 0.09
2/8 18 41,6 9.3 0.22 9.3 0.13
19 k5.2 10.1 0.31 | 10,1 0,20
20 48,1 4,30 | 10.7 0.299 7.2 g.g'; ﬁ).g 0.297 7.2 g.g’g
21 1.4 4,35 11,5 . . .
29 22 23,9 12,0 0.297 7.2 0.38 | 12.0 0.297 7.2 0.30
23 57.6 4,30 | 12,8 0.42 | 12.9 0.27
2/10 | 24 62,2 13.8 0.66 | 13.9 0.41
25 4.5 4,35 | 14,3 0.289 7.5 0.75 | 14.4 0.293 7.4 0.48
2/11 | 26 4.5 4,35 | 16.5 0.295 7.3 1.18 | 16.5 0,291 7.4 1.03
convert gal to 1 mltiply by 3.785. Note: Columns were operated in parallel
*:Trg convert gpm/sq ft to 1/min/sq m mltiply by 40.7. & only during daytime,

G0t
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except that tap water was used in place of secondary plant effluent.
A known amount (400 g) of regenerated F-1 (-325) and F-1 (-100)
aluminas, which had been dried at 104° C for 1 hr, was fed to the
rapid mix.sedimentation units over a period of 10 hr, At the end
of the run, the aluminas were collected from the sedimentation and
mixing tanks, dried at 104° C for 3 days, and weighed. Also, 100 g
pre-dried, regenerated F-1 (28-48) alumina was packed into a bench
column, which was then operated in the upflow mode for 10 hr; the
alumina was removed from the column, dried in a similar manner, and
weighed, The alumina losses during the sorption operation were as

shown below,

Loss, %
Alumina RMS  CIS
F"i(":lOO) 703
 F-1(28.48) 1.2

B. REGENERATION STUDIES
The regeneration of exhausted alumina column beds had been studied

by Yee (29,30), Ames and Dean (32,33), and Yue and Purushothaman
(34,35) who had concluded that 8 to 9 cv of 24 sodium hydroxide were
required for this purpose; it was also reported (34,35) that only 3.4
to 4.3 percent of the hydroxyl ions supplied were actually consumed.
Because the chemical costs associated with the regeneration of the
alumina were expected to be a significant consideration in evaluating
the practicability of the process, a study was undertaken to
establish an economical, yet effective, dose of sodium hydroxide to

be used in this investigation.
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1. Development of Regeneration Procedure

Used F-1 (-325) and F-1 (-100) aluminas from the field rapid
mix-sedimentation system (Run S-1) were first dried in an oven at 104°
C for 3 days. The aluminas were then regenerated with sodium hydroxide
in 5 different tests using a 6-unit variable speed stirrer, and the
efficiency of the regenerated materials in removing phosphorus was
evaluated by means of both a batch procedure and the bench rapid mix.
sedimentation system. Two or 1M sodium hydroxide was used to treat
varying amounts of alumina, and the hydroxyl ion to alumina weight ratio
ranged from 0.658 to 0.028 g OH" /g alumina. The experimental conditions
used are outlined in Table XVI. The alumina and sodium hydroxide
mixture was stirred in a 1-1 beaker at 100 rpm for 4.5 hr and allowed
to settle for 2 hr; the alumina was then separated from the spent
regenerant solution, washed with distilled water 2 or 3 times, and
dried in an oven at 104° C for 53 or 74.5 hr.,

The batch evaluation study consisted (Table XVI) of mixing 1.0 g
fresh or regenerated alumina with 700 ml secondary effluent at 100 rpm
for 25 min (the 6-unit stirrer was used), settling for 2 hr, siphoning
off the supernatant, and determining the residual Polyt+ortho.P
concentration. The phosphorus data and corresponding sorptive capacity
of the regenerated aluminas are presented in Table XVII. It should
be noted that these tests were not all conducted at the same time, and
this is reflected in the initial phosphorus concentration which ranged
from 7.65 to 10,75 mg P/1. Very little difference in the sorptive
capacity of Samples 1 through 6 was noted in Test 1, indicating that
even at a 0,136 g OH /g alumina dose the hydroxyl ion was still in
‘excess. In Tests 2 through 5, Sample 6 showed the highest sorptive



TABLE XVI. BATCH ACTIVATED ALUMINA ammmnou - EXPERIMENTAL CONDITIONS

Regeneration Conditions

Sorption Conditions

NaOH Regenerant | Weight |_Wash Water Fresh or| Efflu. | Det
Test|Sample|Alumina Strength Volume| Ratio |Mix** [Volume| No. Dry“ Regener.,| ent exgontion
No.| No, |Treated* Used oy Time | Cycle| .. | Time |Alumina |Treated | Mix'|Sed
/8 , » Used
g M ml [alumina | hr nl Cycles| hr g ml min| hr

1 175.0 0.136

2 | 100,0 0,238

3 70.0 0,340

5 43.8 0,543

6 36.8 0.658

1 | 300.0 0.028 | 5| 700 1.0H | 700 25 |2.0

2 | 250,0 0.03%
25| 3 fgg:g 1 500 g:g§§ 2 | 7.5

5 100.0 0.08s '

6 50,0 0.170 .
*Fal (=325) & F-1 («100) aluminas from field rapid Note: Study was conducted in July 1973,

mix.sedimentation system (Run S-1).
**At 100 rpm using a 6.unit variable speed stirrer.

#At 104° C in an oven,

##Since the regenerated aluminas were dried at 104° C,
their moisture content was not significantly
different than that of the fresh aluminas,
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TABLE XVII. EVALUATION OF ACTIVATED ALUMINA REGENERATION - BATCH STUDIES™
Initial|Fresh Regenerated Alumina Fresh Regenerated Alumina
Type Poly+ |Alu= | Sample No, Alu. Sample No.

Test| "¢ |ortho|lmina[ T T 2T 3 [ #1 571 6 lmwima[ T T 27 371 &1 57T 8
No. Alumina P

mg P/1 Remaining Polyjortho-P, mg P/1 Sorptive Capacity, mg P/g
. F-1(-325) 2.65 2,80 | 2,80 [2.75 |2.85 |2.58 |2.60 3.40 §3.40 13,43 |3.36 |3.55 |3.54

F-1(-100) ° 3.30 3.3_5 3.25 ]13.70 |3.30 |3.21 3.05 |3.01 {3,08 |2,77 |3.05 |3.11

2 8.60 |3.75 |4.15 |4.55 |4.00 |4.00 |&.35 |3.60 | 3.40 |3.12 |2.84 |3.22 |3,22 |2,98 |3.50
3 5 (45 |53 |2k 2 58 2 000 B0 21 0 o B o
l} 10.?5 Py 5 5.35 5- ° . ) ° . . O ’ ) . . °
s |F-1(=325)| 10.75 |4.65 [5.50 |5.40 |5.50 |5.25 |k.80 |5.40 |4.27 [3.68 |3.75 [3.68 |3.85 |#.17 |3.75
A .
2:? 10.18 |4.51 |5.40 [5.21 |5.11 |5.33 |4.89 |4.85 |3.97 |3.35 |3.48 |3.55 |3.40 |3.71 |3.73
2 8.73 (3.83 [3.78 |3.3% [3.16 [3.60 |3.84 |3.48 [ 3.43 |3.47 |3.77 |3.90 |3.59 [3.42 [3.68
3 8.85 |3.85 |4.95 |4.50 |4.88 |4.60 |3.20 |4.43 |3.50 |2.73 |3.05 |2.78 |3.00 |4.00 |3.09
4 1(~100) 8.75 3.83 |5.60 |4.73 [4.50 [5.83 |4.65 |4.13 [3.44 [2.21 [2.81 |2,98 (2,04 |2.78 [3.23
s |F-1(- 10.75 |%.15 |5.55 |5.50 |5.%0 |5.63 |5.35 |4.80 |%.62 |3.64 |3.68 |3.75 |3.57 |3.78 |&.17
A
zf? 9.27 13.92 |4.97 |4.52 |4.49 [4.92 |4.26 [4.21 |3.75 |3.01 |3.33 |3.35 |3.05 |3.52 |3.54
*For experimental conditions see Table XVI. Note: Study was conducted in July 1973.
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capacity and was closely followed by Sample 5; the next highest
capacity was measured for Sample 3, The 3 samples, with regenerant
concentrations of 0,170, 0,085 and 0.042 g OH /g alumina, were therefore
selected for further evaluation under continuous flow conditions.

An adequate amount of the 2 aluminas was regenerated as outlined
in Table XVI. The bench rapid mix-sedimentation system was operated
at approximately 1.0 gph (3.8 1/hr) for over 8 hr after the units had
been filled, and at the end of the run the concentration of phosphorus
in the effluent was deternﬁned. The operational characteristics and
phosphorus data are given in Table XVIII. An evaluation of these data
indicated that Sample 5 had the highest sorptive capacity for
phosphorus, and this was true for both the F-1 (-.325) and F-1 (~100)
aluminas. Consequently, the regeneration conditions used in preparing
Sample 5 were selected for the regeneration of the aluminas employed
in the field studies (Table IX, p.76).

The regeneration of the exhausted F.1 (28.48) alumina from the
field column system (Run S-1) was studied in 2 tests conducted in
August and December 1973, .In each case, 100 g (wet) portions of
material extracted from Column 1 were packed into 3 bench columns
where they were treated with varying amounts of sodium hydroxide,
ranging from 0,375 to 0.024 g OH /g alumina (fresh alumina equivalent),
and were washed with distilled water; the columns were then used to
evaluate the sorptive capacity of the reclaimed alumina. The regenerant,
wash and feed waters were passed through the columns in the upflow
mode, The experimental conditions employed in both the regeneration
and sorption phases are summarized in Table XIX. Also presented in
this table is the total amount of Polytortho-P which had been eluted



TABLE XVITII. EVALUATION OF ACTIVATED ALUMINA REGENERATION -
BENCH RAPID MIX-SEDIMENTATION TEST SYSTEM STUDIES*

Regenerant | Operational Chaxagtéristics Polysortho-P
Test|sampre| TYPe OFf ALumiNd lye;oht Ratio[Flow Detention |[Run [Alumina Re-  |Sorptive
Influ.| Efflu.
Neo.| No. Rate Time Durad Dose moval |Capacity
* Cogdi. Design- gOH" /g Mix |Sed |tion ent ent
tion | ation | .y ina  |gph™|min | hr | br | gfgad? mg P/1 g ng P/g
Fresh o gog ;.gﬁ ;cgg gozg 93.6 3.63
3 Re- 00 2 . . . . 5 03 2.20
5 |genera| F-1-325)|  ologs  [0-93 [16-8] 2.1 | gl6| 7 M | 8loo | 2:88 | k.0 | 2.58
6 ated. 00170 801 7.5 ) 7080 2.95 62.2 2.45
2-5 Fresh ol2 gog ;og## ;.gg - iogg g§.9 2.20
3 Re- 0. . . . . .0 1, 0
5 |gener- F-1(-100) 0.085 0.97 [16.5 | 2.0 8.6 ?.3“ 8.00 2.95 63.1 2,63
6 |ated 0.170 8.1] 2.3 | 7.80 | 3.05 | 60.9 | 2.47
*For regeneration conditions see Table XVI. Note: Study was conducted in August 1973,
**To convert gph to 1/hr multiply by 3.785.
#To convert g/gal to g/l multiply by 0.264. ~
#4Since the regenerated aluminas were dried at 104° C,

their moisture content was not significantly different
than that of the fresh aluminas.
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TABLE XIX, COLUMN ACTIVATED ALUMINA REGENERATION - EXPERIMENTAL CONDITIONS

Alumina Re ration orptio
Tmzted NaOH ﬁegen\e{r;-nt Re ener;n‘? Wash Water Wash Total T?gow Dgt
vesd | Strength| we f&: Time |Condi- |Vole |Time |Condi- mp Rate | Time

Used wl tion | ume ton | o etedt
ml

g ml |alumina*| min | hr ml | hr ng mn | min

1 900 6.0 3,432 flow 590.0 15.4 [
2 . 50 5.5 | 11 30393 9.7 tra | 603.3 | 138 | 72
3 100 460 5.5 circu. | 3,231 599.8 144 6.9
A (wet) 460 5.8 lation 2 cyc | 569.9 14,0 | 7.1
5 460 5.6 | 18.8 1,070| 11.8|cireu= | 539.3 | 14.0 | 7.1
6 460 6.2 lation | 436.1 15.1 6.6

*Based on an equivalent fresh alumina,
#In the regenerant and water washes,
+Equivalent to 81,6 g of fresh alumina,

: Study was conducted in August & December 1973,
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from the colums and was present in the regenerant and wash water.
Phosphorus data are presented in Table XX and are plotted in
Figure 21, Considerable initial leakage was observed in Columns 4
through 6 which had been washed with less than one-third the volume of
wash water used with Colurmms 1 through 3. Following this initial
condition, all columns produced effluents with comparable low résidual
phosphorus concentrations (Table XX); however, when these values were
expressed as percentages of the initial phosphorus concentration
(Figure 21), Columns 4 through 6 appeared to be less effective because
of the low phosphorus content of the secondary effluent used (Table XX).
Average values for the sorptive capacity of the regenerated alumina,

computed on an equivalent fresh alumina weight basis,* were:

Column No,
1 2 3 b 5 6
Sorptive capacity, mg P/g  4.22 3.89 4,00 2,11 2,12 2,04

The selection of the regeneration conditions for the field
columns was based on the findings of the August study, and the
December study served to confirm and extend the previous findings; this
was indicated because it was necessary to complete the field studies
before cold weather came to the area. Taking‘into the consideration
both the elution requirements and the sorptive capacity of the
regenerated material, the conditions represented by Column 3 were

chosen for the regeneration of the field columns (Table IX). Column 4

*Considering that 100 g wet alumina were equivalent to 81.6 g fresh
alumina (see footnote on p.104).



EVALUATION OF ACTIVATED ALUMINA REGENERATION - BENCH COLUMN TEST SYSTEM STUDIES
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compared favorably to Column 3, except in sorptive capacity, and
required 25 percent less sodium hydroxide. The smaller sorptive

capacity, however, could be directly attributed to the lower strength
of the influent wastewater, and consequently this column could have
reflected the preferred regeneration conditions.
2. Alumina Loss

To determine the loss of alumina during regeneration, 100-g
samples of pre-dried (104° C for 1 hr) F-1 (-325) and F-1 (~100)
materials were stirred for 4.5 hr at 100 rpm with 500 ml IM sodium
hydroxide in a 1.1 beaker; the mixture was allowed to settle for 2 hr,
the supernatant was decanted, and the alumina was subjected to 2 cycles
of washing. Each wash cycle consisted of stirring the alumina with 350
ml distilled water for 30 min, allowing the mixture to stand for 2 hr,
and decanting the supernatant., After the water wash, the alumina was
dried at 104° C for 3 days and weighed. To measure the loss of the F-1
(28-48) material, a 100-g column was treated with 460 ml 1M sodium
hydroxide which was circulated for 11 hr; the column was drained and was
washed 2 times with 500 ml distilled water which was circulated for 5
hr. The alumina was then withdrawn, dried at 104° C for 3 days, and

weighed. The alumina losses during the regeneration operation were

as follows:
Loss, %
Alumina Batch CTS
F-1(-325) 2.1
F-1(-100) 1.9
F-1(28-48) 0.6

C. SURFACE ALTERATION IN USED ALUMINAS
Because a significant loss was noted in the capacity of the

regenerated aluminas during the sorption studies, a study was
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undertaken at the conclusion of the experimental runs in order to
investigate the possibility of reduction in sorptive sites by coating
of the alumina particles. Deposition of calcium carbonate had been
reported by Ames and Dean (32,33), and was theoretically feasible under
the experimental conditions employed in the present study. A sample

of the secondary effluent from the Rolla treatment plant had the
following characteristics:

Total alkalinity: 218 mg/l as CaCO3
Calcium hardness: 142 mg/l as CaC03

pH: 7.6
Taking into consideration the 2nd ionization constant of carbonie
acid, Kz (550 p-59);

- ] [oosT] . - 4,7x10~11

2" " oy

the fact that at the pH of 7.6 essentially only bicarbonate alkalinity
would have been present, and consequently (55, p.336);

. mg/1 bicarbonate alkalinity x1.22 _ 218x1,22 _ ) a¢ 15°3 potes/1
[HCO ZT, W .3 moles/

and the hydrogen ion concentration corresponding to the 7.6 pH value;

[i] = 10776 = 10%%x10°8 = 2.5x107® moles/1

the concentration of carbonate ions in the sample was computed to be:

-11 -
[bOBt] - {k2) {HCOB'Z (4.7x107" ") x(4,36x10 3) = 8,20x107 -6 moles/1
[i'] (2.5x10-8)
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The concentration of calcium ions, computed from the carbonate hardness

present, was

[CaH ] = mg/1 carbonate hardness x0.4 _ 142x8615 - 1.42x10°3 moles o

and the product

[ca*"] [co37] = (1.42x1073)x(8.20x1070) = 11,64x10~

was greater than the solubility product of calcium carbonate, Ksp,
reported (55, p.357) to be 5x10"9. Consequently, calcium carbonate
could have precipitated from s_olui;ion; in fact, since the pH of the
alumina-treated wastewater effluent had an average value of 8 (a
corresponding [H'] molar concentration of 1x10~ ), the product could
have actually been higher (29.1x10‘9) .

The coating of the alumina particles was experimentally verified
by subjecting fresh and exhausted or regenerated aluminas to X-ray
diffraction for qualitative analysis and atomic absorption for
quantitative determination. |

The X.ray diffraction study was conducted using a diffractometer*
equipped with a copper tube, Sample slides were prepared using the 3
fresh aluminas [F-1 (-325), F-1 (-100), and F-1 (28-48)], exhausted

F-1 (28-48) alumina = which was extracted from Column 1 after Run S-1,

*A Kristalloflex 4 diffractometer equipped with an AG Cu 30 tube was
used; it was a product of Siemens and Halske, West Germany. This
instrument was located in the Graduate Center for Materials Research,
University of Missouri-Rolla,

**Since the F-1 (28-48) alumina was regenerated in columns which were
subsequently employed in sorption studies, regenerated material was
not available,
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regenerated F.1 ‘(-325) and F-1 (-100) aluminas which had been eluted
during Run R-1, and analytical grade calcium carbonate which was used
as a standard. The slides were scanned over an angle range from 20
to 45 deg, selected to incorporate the diffraction angles reported
for calcium carbonate and most of the calcium phosphate compounds,
including the insoluble hydroxyapatite (Table XXI). The results are

summarized below,

Diffraction Angle, 20, deg

Material Condition Main Peak 1st Ref Peak 2nd Ref Peak
CaC03 Reagent grade 29.3 39.3 43.0
F-1(2325)  Fresh 28.3 - -
F-1(-100) Fresh 28.4 38.6 -
F-1(28-48) Fresh 28.5 38.7 -
F-1(=325) Regenerated 28.3 38.4 40,8
F-1(-100) Regenerated 28.3 38.3 -
F-1(28-48) Exhausted 28.4 38.7 -

The standard calcium carbonate sample showed 3 peaks, all in the
correct positions. The alumina samples generally exhibited only
2 peaks; exceptions were the fresh F.1 (-325) alumina sample which had
only 1 peak and the corresponding regenerated material which showed
all 3 peaks. Although the peaks were slightly off the reported values,
because the relative positioning between the angles was correct it
was concluded that all alumina samples contained calcium carbonate;
however, the presence of hydroxyapatite or any of the calcium phosphate
compounds was not demonstrated.

The X-ray diffraction technique does not lend itself to
quantitative measurement, especially with contaminants present in small

amounts; consequently, the concentration of calcium was determined by



TABLE XXI. INTERPLANAR SPACINGS AND DIFFRACTION ANGLES OF CALCIUM COMPOUNDS

Chemical Compound Interplanar Spacing, d,” £ |Diffraction Angle, 20, deg |
Name Formula Main | 1st Ref 2nd.ae§.ak Main | 1st Ref | 2nd Ref
Calcium Carbonate CaCo4 4 3.04 2.29, 2.10, 29.3 39.3 43.0
Hydroxyapatite Ca (0H)(PO,) 4 2.81 2.78, 2.72¢ 31.8 32.2 |  32.9
Monocalcium Phosphate CaHu(P04)2 3.48 3.25g 7.406 25.5 27.4 11.9
Tricalcium Phosphate Cay(PO,), 2.88 2.61, 3.26¢ 31.0 4.3 27.7
Cay(PO,),eni,0 | 2.80 | 3.y |tk | 319 25.8 | 6.8
Calcium Metaphosphate Ca(P03)2 3.49 2.767 4.765 25.1 31.6 28.3
Calcium Pyrophosphate CayP,0, 2.93 3.10g 3.06g 30.5 28.8 29.1
Ca,P 0, 3.02 | 3.2 | 3.09, | 29.5 27.7 | 28.8
Ca,P,0, 3.30 | 3.21 | 199, | 27.0 27.7 | 5.5
Calcium Polyphosphate CayPe0yg 3.09 2,96, | %.77g 28.9 30,2 18.5
Calcium Oxide & CayP,0q 2.80 2.77, 2.7, 31.9 32.3 33.0
Calcium Orthophosphate

*The distance between each set of atomic planes of the crystal lattice; the subscript indicates
percentage of the main peak (e.g., 2 = 20 %) (56).

**Defined by the relationship ma= 2d Sin 6, where m = the order of the diffraction and

A = 1,54050 k; obtained from tables (57).
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atomic absorption using a spectrophotometer* equipped with a calcium
lamp  at a 4,226 wave length and 100-p slit width in an air.
acetylene flame, The alumina samples were first digested with
concentrated nitric or hydrochloric acid. One-g pre-dried (104° C for
1 hr) sample was placed in a 250-ml beaker and mixed with 20 ml of the
corresponding acid; the beaker was covered with a watch glass and
heated on the hot plate for 4 hr with occasional stirring., The beaker
and contents were allowed to cool, the watch glass was washed with
redistilled water into the beaker, and thg digested sample was diluted
to approximately 50 ml; it was then filtered through filter paper,’
the alumina and remaining acid on the paper were washed, and the
filtrate was further diluted to a total volume of either 100 ml (fresh
aluminas) or 1000 ml (exhausted or regenerated aluminas). The diluted,
digested samples were read on the spectrophotometer, and the
concentration of calcium ions was determined from a standard curve
prepared using a stock calcium chloride solution (1,000 mg/l as Ca' ).
The following values were obtained.

Calcium Concentration, mg Ca-H'/ g alumina

Alumina Condition HNO3 Digestion HC1l Digestion
F-1(-325) Fresh 0 0.03
F-1(-100) Fresh 0 0.16
F-1(28.48) Fresh 0 0.10
F-1(~325) Regenerated 0.07 1.42
F-1(-100) Regenerated 0.03 1,60
F-1(28-48) Exhausted 0.04 1.40

*Type AA-5, Series 108, a product of Varian.Techtron Pty. Ltd.,
Melbourne, Australia; this instrument was located in the Graduate

Center for Materials Research.

**No, CH842, Hollow Cathode Lamp, a product of Atomic Spectral Lamps,
Melbourne, Australia.

#No. 4 Whatman filter paper, a product of W & R Balston Limited,
England,
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Considering that only the presence of calcium carbonate had been
verified in the X~.ray study, the net amount of material deposited on

the alumina particles was as follows:

Calcium Carbonate Coating

Alumina Condition EE[ g alumina

F-1(-325) Regenerated 3.48 0.35
Fa1(-100) Regenerated 3,60 0.36
F-1(28.48) Exhausted 3.25 0.32

These values were based on the data obtained from digestion with
hydrochloric acid which was much more effective than nitric aecid in

leaching calcium carbonate,
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VII. DISCUSSION

Sorption on activated alumina, both in the rapid mix-sedimentation
and columm modes of operation, was found effective in removing
phosphorus from secondary wastewater treatment plant effluent; however,
it was not effective in reducing the concentration of nitrogen in the
effluent,

Experimental findings obtained with fresh and regenerated aluminas
over a 9-month period (June 1973 to March 1974) using the field (Runs
S-1 and S-2) and bench-scale (Run S-3) test systems are summarized
in Table XXII. Phosphorus removal averaged 76 percent in the rapid
mix-sedimentation system and in excess of 88 percent in the column
system, The latter system could also effect essentially complete
removals of phosphorus, but at significantly re&uced throughputs.

The selectivity of the aluminas for total nitrogen was low, although
between 10 and 35 percent of NHB-N and 56 and 75 percent of Org-N were
removed; however, little reduction was obtained in NOB_N, which at 12,5
mg /1 represented more than 87 percent of the total nitrogen, while
the concentration of NOZ.N increased, probably as a result of continued
biological activity. It should be pointed out that because the Rolla
Southwest Sewage Treatment Plant where the study was conducted was
operating at approximately 20 percent of design capacity, its effluent
was uncommonly highly nitrified; consequently, it is believed that
under normal conditions the activated alumina sorption process would
be capable of producing a greater overall removal of nitrogen.
Approximately 30 percent of the COD was also removed, and this was
attributed to a reduction in the TSS initially present in the effluent,

despite the fact that the TSS concentration in the treated water was



TABLE XXII. REMOVAL OF NUTRIENTS BY SORPTION ON ACTIVATED ALUMINA - SUMMARY OF EXPERIMENTAL DATA

Influent Concentration Rapid Mix.Sedimentation Mode Column Mode
mg/1 mﬁl-FJLﬁ5nR2-Fé-w0 Columns 1 & 2 - F-1(26-48)
Io _Run At Breakthrough |
Parameter|  To End “&5233? Effl Conc |Re- |Effl Conc |Re- |Effl Conc |Re- | Effl Conc |Re-
me /1 moval | 1 moval 1  imoval mg/1 moval
Avg| Rangd Avg| Rangd Avg|Range| # | Avg|Rangd % | Avg|Range Avg| Range| %
Poly+
ortho-P | 7.22| 5.02| 5.53| 3.40| 1.68| 3.50| 76.71.73] 3.2 76.0| 0.8q 20.89| 88.9 0.40| 20,90| $2.8
NH3-N 1.24| 4.25|1.25| 4.25|1.12| 4,50 9.41.12] 4.24 9.6/ 0.8 1,55| 34.40.81] 1.55| 35.2
Org-N 0.40| 1.32| 0,44} 1,32 0.13| 1.35| 68.30.18] 0,84 56.0{ 0.14 0.75| 70,7 0.11]| 0.75| 75.0
NO3-N 12,5 | 8.1 {12.7 | 7.8 f12.5 | 12,6 ot2.4 |13.2| 0.8/13.0} 9.6 | 4.012.6 | 9.6 | 0.7
NO2-N 0.13] o.49 | 0.14| 0.49] 0.15| 0.27| -15.3 0.16| 0.39 -23.0| 0.14 0.94| -23.0 0.20| 0.94|-42.8
CcoD 28 |60 pBo |60 |19 62 32.1R0 43 28.5120, |61 28,50 61 33.3
7SS 9 2 [9 |22 B3 [ |-822.218 |12 |100.0[38F 46 |-322. 247 294 |-8B.8

*Considering only data obtained before the CTS effluent Poly+tortho-F concentration, exceptifor initial leak.
age, had reached the 0.l-mg P/1 level. If initial leakage is excluded from these data, the Polytortho-P

values would be: _
Influent concentration, mg P/1, Avg 7.27

Range 3.40
Effluent concentration, mg P/1, Avg 0,01

Range 0.06
Removal, % Avg 99.9

#A large amount of TSS was released in the effluent on the 1st day in Run S-1, when alumina fines were
washed-out of the columns, and on 2 occasions in Run S5-2, when the columns were disturbed to overcome
clogging difficulties; if these values are not considered, the avg effluent TSS would be 7 mg/l.

1A
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significantly higher, resulting from the discharge of alumina particles.

During the studies the character of the plant effluent varied
widely, as indicated by the range observed for each parameter tested, and
accordingly the quality of the alumina-treated water also fluctuated
(Table XXII). The concentration of phosphorus ranged from 3.9 to 9.0
mg P/1, and even within a test run, broad variations were noted (6.1 to
9.0 mg P/1 in Run S-1, 5.2 to 7.5 mg P/1 in Run S-2); similar variations
were found for nitrogen,‘especially NH37N and Org-N. Operation under the
widely varying influent characteristics made the control of experimental
conditions difficult, esﬁecially alumina dosing of the rapid mix-sedi-
mentation units, and affected the uniformity of data complicating their
analysis and evaluation; nonetheless, it was considered highly desirable
because it closely approximated plant operation.

The performance of the field and bench.scale rapid mix-sedimentation
and column test systems, which were especially designed and built for
this study, was generally good and for a given influent waste quality
the bench units could produce results essentially comparable to the
field units. Some problems were encountered, however, with the test
equipment during the studies, and 2 modifications would be desirable in
order to overcome these difficulties: the addition of column backwash
facilities and the use of heavy-duty mixers,

Solid matter in the secondary effluent was apparently trapped on
the column beds during Run S-1 and was not removed during regeneration;
in fact the beds became more compact and were partly agglomerated
into lumps, This resulted in clogging and channelling during Run S-2,
which prevented the effective use of the beds and caused a significant

drop in sorptive capacity. This problem did not occur in Run S-3,
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however, the laboratory columns used were packed with material removed
from the top of the 1st field column, which apparently contained less
trapped solids; also, the lumps were most likely crushed during the
transfer and repacking steps. A high-rate backwash at the end of the
regeneration process would help overcome this problem and at the same
time reduce the initial leakage of phosphorus observed during the
1st day after regeneration (Figure 19, p.99).

The type of stirrer employed £o'mix tﬁe coarser alumina [F.1 (-100)],
a laboratory high.speed model rated for continuous duty, was unable to
carry the load in field operation and had to be replaced with a slower
cone~driven unit which was able to give continuous service but could
not provide adequate agitation. The reduced mixing intensity did
not seriously affect process efficiency, but periodic manual mixing
was required in order to transfer the alumina to the sedimentation
unit, Use of heavy-duty pilot plant stirrers should eliminate
this problem. |

The process developed for the regeneration of the exhausted
aluminas depended solely on‘the use of sodium hydroxide as the regen-
erant at doses which, expressed in g OH'/g alumina, ranged from
0.085 for the rapid mix.sedimentation system [F-1 (~325) and F-1
(-100) aluminas] to 0.096 for the column system [F-1 (28-48) alumina/.
These doses were considerably less than the regenerant requirements
reported in the literature, which ranged from 0,17 g OH'/g alumina
used by Ames and Dean (32,33) to 0.212 g OH"/g alumina employed
by Yue and Purushothaman (34,35). Treatment with the regenerant
caustic solution (1M NaOH) was followed by a water wash in

order to remove the caustic and any residual nitrients that might
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have remained. The volume of regenerant and wash water represented a
small fraction (1.4 to 4.6 percent) of the volume of the secohdary
effluent treated;
* %
Run S-1/R-1 Run S-2/R-2

Effluent Regenerant+ Effluent Regenerant+
Treated Wash Used Treated Wash Used

System g2l g2l % gl gal #
Rapid Mix-Sedi?entation
Unit 1 - F=1(-325) 20,982 435.6 2.1 - 9,728 377.3 3.
Unit 2 - F-1(-100) 21,125 566.1 2.7 9,740 MZ% 2.2
Column
Columns 1,2+3 - F-1(28-48) 9,385 133.5 1.4
Columns 1+2 - F.1(28-48) 4,312 89.0 2,1

*Data from TablesIX and X, p.76 and 82-83.

although the elutants contained a significant percentage (estimated

to be in excess of 90 percent*) of the phosphorus which had been

removed during the sorption process, the initial leakage of phosphorus
during Runs S-2 and S-3 would indicate that the water wash was still
inadequAte. No attempt was made during this study to investigate

the recycle potential of the spent regenerant or to evaluate requirements
for its disposal; however, Ames and Dean (32,33) have suggested the

use of lime to precipitate phosphorus and thereby reclaim the residual
hydroxide. The feasibility of regenerant recovery and the cost

involved in handling this waste, which were beyond the scope of this

investigation, warrant further attention because they would have a

*This percentage was determined by considering that Column 1, Run S-1,
by the time it was removed from operation had sorbed an average of
7.9 mg P/g alumina (see Tables X, XI and XIII, p.82-84 and 87.88),
and that 599.8 mg P were eluted during regeneration from 81,6 g of
this alumina (Table XIX, p.113); assuming that the sorbed phosphorus
was uniformly distributed throughout the column, the recovery was

93.0 percent.
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significant effect on the overall economic evaluation of the sorption

process,

The sorptive capacity for phosphorus of the 3 aluminas (fresh and
regenerated), measured in the 3 test runs, is reported in Table XXIII
together with applicable average values for the influent and effluent
Polytortho-P concentration, the alumina dose, and the contact time. Also
presented in this table are adjusted sorptive capacity values, which were
developed in an attempt to compensate for the operational malfunctions
and varied conditions encountered during the studies, thereby reducing
the data to an equivalent basis and enabling comparative evaluation.
Special aﬁtention was given to the effects on the rapid mix-sedimentation
units of reduced flow over a 12.day period in Run S-i, alumina overdosing
in Run S-2, and exceptionally low influent phosphorus concentration in
Run S-3, and to the effect on the column units of clogging and chan-
nelling in Run S-2. Consideration was also given to the single-column
operation employed in Run S-3.

Sorptive capacities for the aluminas evaluated in the rapid mix-
sedimentation mode during Run S-1 were adjusted by excluding the data
obtained during the period of reduced flow. Since there was no way to
actually determine the effect of channelling through the columns in
Run S-2, adjusted values were computed using the capacities developed
for the fresh alumina in Run S-1 and the average regenerated to fresh
alumina sorptive capacity rafio established in Runs S-1 and S-2 for
Units 1.and 2. Further to compensate for the single-column arrangement
in Run S-3, the relationship between the overall capacity determined
for 2 columns in series in Run S-1 and the corresponding capacity of

the 18t column was employed.



TABLE XXIII. SORPTIVE CAPACITY OF ACTIVATED ALUMINAS FOR PHOSPHORUS

Influent Rapid Mix.Sedimentation Mode Column Mode
Cone Unit 1 - F=1(=325) | Unit 2 - F-1(-100) | Columns 1 & 2 - F-1(28.48)
mg P/1 To End of Run At Breakthrough
Run * (3] [ 0 © [ [} o ()] )] © [} Q
v |38 | 5 8w |8 |2l 8|8 |2wlExl |8 |Bwls2|8o]d |2
No. 2§ ?,%) oa | A s-ca a| o~ 29 ag s |o~ ]3| & a| o~ c::'gn &'E S~
AT S L R PR P R P P R P P
S8 |led |dF|Aw|8 | ¥4 |3¥|8 |&f|aF|a3¥ |5 |s¥|a5|a%|8 |&¥
< jca] < [&] (&} m < (&) [ &) = <q (] (&) = < (&) (&)
S-1| 7.68] 7.50| 1,78] 5.6 | 27 [ 4.0 | 1.78] 7.1 | 27 | 3.2 | 0.31] 3.6 | 45 | 7.8 |0.07 | 4.6 | 50 [6,1
Adjl 7.79 1,82] 5,0 | 27 | 4.5 | 1.94] 6.5 | 27 | 3.4 - -
S-2} 6.37| 6.66|1.50| 7.9 | 24 | 2.3 ]|1.65|9.3| 24 | 1.9 | 1.97] 5.3 | 33 | 3.1 [1.45]8.8 | 32 [2.2
A 3.0 2,2 5.1 4,0
S-3 3.94% 1,081{7.1 116 |1.6 | 1.08] 7.7 17 | 1.4
=1 4,24 4,18 0.90| 4.9 7 |1 2.6 1,25 }10.5 7 (1.1
1Ad3 1.8 1.5 3.6 2,6

- *See Table XXII., ,
§Fresh alumina basis; to convert g/gal to g/l multiply by 0.264.

Note: The justification & procedures employed in adjusting sorptive capacity values were:

1. Run S-1. Data obtained during the period of reduced flow to RMS (6/23 to 7/4, Figure 16, p.89),
resulting from operational malfunction, were excluded. 1

2. Run S-2. On the basis of f(remres) values of 0.51 & 0.45 (mg P/1)=' for Units 1 & 2, the required
alumina doses would have been (Figure 23, p.137) 6.1 & 8.0 g/gal, respectively; consequently,
the 7.9 & 9.3 g/eal actually applied reflected overdoses of 29.5 & 16.2 ¢ & the sorptive
capacities were correspondingly adjusted. Consldering that the low capacities observed in the
CTS reflected the effect of channelling, capacities were adjusted using Run S-1 CTS values
& the Run S-2/Run S-1 avg ratio for Units 1 & 2 (0.66). :

3. Run S=3. For an f(rem.res) value of 0.67 (mg P/1)-1, the required doses for Units 1 & 2 would
have been 6.3 & 7.3 g/gal; sorptive capacities were therefore increased by 12.7 & 5.5 % to
adjust for overdosing. Since a single.column arrangement was used in this run, sorptive capacities
were adjusted by considering the ratio for Run S-1 of the 7.8 & 6.1-mg P/g overall values & values
of 5.7 & 2.6 mg P/g determined for Column 1 when its effluent approached the 0.9 & O.l-mg P/1

levels (Table XIII, p.87-88).

0€1
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The development of a method which could be used to correct for
alumina overdosing, resulting from either the application of a higher
than required dose or the occurrence of a lower than anticipated
influent phosphorus concentration, proved to be a difficult undertaking,
It was recognized that under equilibrium conditions the required dose
would be a function of both the amount of phosphorus removed énd the
residual phosphorus concentration. Experimental data obtained during
the period of reduced flow (and therefore increased dosing) to the
rapid mix-sedimentation system in Run S-1 (Tables X, XI, and XII), and
information collected from the bench test system during the development
work to establish design characteristics (Table VIII, p.63-64) were
examined in an effort to determine an appropriate relationship. After
a number of trials, it was observed that a logarithmic relationship
appeared to exist between the alumina dose and the ratio of phosphorus
removal to phosphorus residual; plotting of the corresponding values
(Table XXIV) on semi-logarithmic graph paper (Figure 22) indicated a

linear relationship which could be expressed by means of the following

equation,
f(rem-res) = KeD (Eq 1)
where: f(remeres) = (Pj~Pg)/PiPg,(mg P/1)-1
P; = influent phosphorus concentration, mg P/1
Pe = effluent phosphorus concentration, mg P/1
D = alumina dose, g/gal
K = constant

Although the relationship held well for the field system, it was not

as well defined in the bench system where the data were considerably
more scattered (Figure 22); this was attributed to the relatively broad
range of experimental conditions which had been employed during the
development study, It was concluded that the relationship offered an



TAELE XXIV. PHOSPHORUS REMOVAL-RESIDUAL AND ALUMINA DOSE RELATIONSHIP - RAPID MIX-SEDIMENTATION STUDIES

Unit 1 - F-1(-325) Unit 2 = F=1(=100)
Day Influent Effluent Alu- |f(rem-res) Effluent Alu- |f(rem-res)
Date of |Run Poly+ortho-P { Poly+ortho-P | mina Py - Pe |Poly+ortho-P | mina Pi - Pe
gglo‘n No. Py Pe Dose FiPq Pe Dose TiPe
mg P/l mg P/l |g/gal* |(mg P/1)-1 | mgP/1 |gfeal |(mg P/1)-1
Field Test System#
6/23/73 6 7.30 2.14 4.9 0.33 2.10 6.4 0.34
é/24]73 7 7.30 2,22 5.2 0.31 2.20 7.0 0.31
6/25[73 8 8.10 3.86 5.8 0.14 2.30 7.2 0.31
6/26/73 9 7.30 2,87 6.0 0,21 2,00 7.5 0.36
6/27]73 10 7.70 1.62 6.2 0.49 1.60 8.1 0.50
6/28/73 11 5.1 6.50 1,28 6.7 0.63 1.50 8.7 0.51
6/29/73 12 - 6.140 1,34 6.8 0.59 1,30 9.3 0.61
6/30/73 13 6.40 1,24 7.0 0.65 1.20 9.7 0.68
7/1/73 14 8.60 1,28 7.2 0.66 0,90 10.0 0.99
7/2[73 15 7.80 0.86 7.8 1,03 1.10 10,5 0.78
7/3/73 16 8.30 0.76 8.2 1.20 0.80 11.3 1.13
2/4]73 17 8,00 1.62 5.2 0.49 1.50 6.5 0.54
Bench Test System™

8/23/72 1 8.80 3.90 b4 0.14 4,50 4,8 0.11
9/u4/72 2 7.10 0.60 8.0 1.52 2.90 7.5 0,20
9/29/72 3 8.30 1,10 6.5 0.79 4,20 6.2 0.12
11/28/72 4 3.80 0.90 6.5 0.85 0.80 6.8 0.98
12/16/72 | N/A 5 6.10 1.50 6.3 0.50 1.30 6.9 0.60
12/19/72 6 6.40 1,50 5.6 0,51 2,30 4,9 0,28
1/10/73 7 6.10 0.80 6.5 1.09 1,70 6.2 0.42
1/17/73 8 7,LPO 2.30 6.“' 0.30 L 40 6.)4' 0.09
1/20/73 9 L,10 1.80 6.6 0.31 2.10 7.0 0.23
1/27/73 10 3.10 0.40 7.4 2.18 0.80 7.4 0.93

*To convert gfgal to g/l mltiply by 0.264.
4pata from Tables X, XI, & XII, p.82-86,
+Data from Table VIII, p.63-64,

2€T
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appropriate means for adjusting sorptive capacities determined under
overdose or underdose operation, and the method was used to correct the
values established for the rapid mix-.sedimentation system in Runs
S-2 and S-3. It should be pointed out, however, that although
Equation 1 holds considerable promise, its application to experimental
conditions other than those employed in the present study has not been
verified. Further evaluation of this concept would be highly desirable,
Although both the aluminas [F-1 (-325) and F-1 (~100)] evaluated
in the rapid mix.sedimentation mode produced essentially the same
quality effluent, the finer material was more effective and required
a smaller dose. Column operation produced a higher quality effluent,
being capable of achieving essentially complete removal of phosphorus,
and resulted in improved sorptive capacity even though the alumina used
[F-1 (28-48)] was the coarsest tested in the study. All aluminas lost
sorptive capacity upon regeneration, especially after the 1st cycle,
however, the reduction in capacity was comparable to levels established
by other investigators (32,33) who had employed significantly higher

regenerant doses. The following tabulation has been prepared to

facilitate comparisons.

Cycle Sorptive Capacity, $ of fresh alumina .
Ng. F-1(=325) F-1(-100) é-1(28u4§) Boehmite(28-48)
1 100,0 100.0 100,0 100,0
2 66,7 64.7 65.4 65.3
3 40,0 7% 46,2 51,0

*These values were calculated on the basis of data reported by Ames
and Dean (32,33) who employed a 1-1 column (Note: It was assumed
that the column contained 1 kg alumina) to treat charcoal-filtered
Richland, WA, secondary effluent having the following chargc?er.
istics: phosphorus 10,3 mg P/1, calcium 25-40 mg/1, alkalinity
180-190 mg/1 as CaC03, and pi 7.2-7.8; regeneration was accomplished
using 1M NaOH (0.17 g OH-/g alumina) followed by water wash,
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The loss of sorptive capacity in the regenerated materials might have
resulted in part from coating of the alumina particles with calcium
carbonate. The existence of this material was established by X-ray
diffraction, and quantitatively measured by atomic absorption using
acid-hydrolyzed samples. The amount of calcium carbonate deposited
was rather small, ranging from 0.32 to 0.35 percent (p.123), but the
coating could have been extremely thin, covering a relatively large
area. Modification of the regeneration process to incoporate the
removal of this coating would help to restore the sorptive capacity
of the reclaimed aluminas and should be investigated. It might be
accomplished by means of an acid wash (using carbonic or hydrochloric
acid) to dissolve the deposited material,

Chemical costs associated with the removal of nutrients by
sorption on activated alumina are computed and tabulated in Table XXV,
Costs were determined on the basis of either 77.5 or 90 (column mode
only) percent reduction of phosphorus in secondary effluent containing
7.5 mg P/1. Pricing information was obtained from appropriate
manufacturers (58,59), and all other design data were as determined
during the course of this investigation, except for the sorptive
capacities after 3 or 4 regenerations (Cycles No. 4 or 5) which were
estimated from Figure 23. Computations were carried to the 5th cycle
(4 regenerations), where the total chemical costs, expressed in
$/1000 gal, appeared to be stabilizing.

The quantity of fresh alumina initially required, and the make-up
alumina needed to replace material lost during sorption and regeneration
and to provide additional sorptive capacity in order to restore
efficiency, uia»cbuputag by the equations shown on p.138.
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TABLE XXV.. REMOVAL OF NUTRIENTS BY SORPTION ON ACTIVATED
ALUMINA . CHEMICAL COST

Conditions
Phosphorus Data  Influent Concentration: 7.5 mg P/l Eiiluent voncent:ation: 1.7 mg /1 Removal: 77.5¢%
at breakthreugl: column: 0,08 mg P/1 9.0¢
ant R ts (Table IX, p.76) RMS: 0,085 g OH"/g alumina CTS: 0.09 g OH"/g alumina
0,20 1b NaOH/1b alumina 0.22 1b NaOH/1b alumina
Chemical Cost Data (58,59) Alumina F-1(.325); 30.19/1‘) Sodium Hydroxide: $0,1025/1b

F-1(-100): $0.19/1b
F-1(28.48): $0.23/1b

Sortive C 8 mg P/g (Table XXIII Rapid Mix-Sedimentation Mode Column Mode
e e S Ficure 2o, P.A37) Cycle  Fo1(-323)  F-1(-100) F-1(28.48)
No. 775 $ Removal 77.5 % Removal  99.0 § Removal
1 4.5 3.4 7.8 6.1
2 3.0 2,2 5.1 4.0
3 1.8 1.5 3.6 2,6
4 1.1 0.9 2.6 1,6
5 0.7 0,6 1.8 0.9
Alumina Loss, %$/oycle (p.107 & 117) Alusing Sorption Regeneration Total
;.:2.?%8; l;.‘t 2,1 13.5
-3i(- D 1.9 2
F-1(28.48) 1.2 .6 ?.8
Alunina Requirement
Py = P,
Basis (p.138) Ay = B34 -§~1—-3 and A=A - 3!; (Ap 1052 + A 2Y3%S3 + ... + AgY=ls))

where: Ay = initial alumina required, 1b/1000 gal
Ap = make-up alumina required for nth cycle, 1b/1000 gal
P; = influent phosphorus concentration, mg P/l
P = effluent phosphorus concentration, mg Pf1
S1 = sorptive capacity of fresh alumina, mg P/g
S, = sorptive capacity of alumina after n.1 regenerations, mg P/g

P-1.1
L = fractional loss of alumina per sorption.regeneration cycle
Aluwdina Required, 1b/1000 gal Rapid Mix.Sedimentation Mode Column Mode
Cycle Fal(-325) F-1(~100) F-1(28.48)
No, 77:5 % Removal 72.5% Removal 99,0 § Removal
i 10,7 14,2 6.2 10.1
2 4.5 5.9 2,2 3.6
3 4.9 5.6 2.0 3.6
4 4.8 6.0 2,0 3.8
5 4.8 5.8 2.0 2.9
Regenerant Requirement
n a 1
Besis (p.138) Ry = X2 ;‘—:3
2

where: Rp = NaOH regenerant required for nth cycle, 1b/ 1000 gal
C = regenerant requirement, lb NaOH/1lb alumina; 0.20 for RMS & 0.22 for CTS

NaOH Reguired, 1b/1000 gal Rapid Mix-Sedimentation Mode Column Mode
Cycle F-1(~325) F-1(~100) Fa1(28-48)
No, 72.5 $ Removal 77:5 % Rewoval 99.0 § Removal
1 0 0 0 0
2 2.1 2.8 1.4 2.2
3 2.8 3.8 1.8 2.0
4 3.4 4.5 2,2 3.7
5 3.9 5.3 2,6 b5
Chemical Cost
Rapid Mix-Sedimentation Mode Column Mode
r-1(-325) | ¥-1(-100) F-1(28-48)
pele 77.5 § Removal . T 99.0 % Removad

Cost, $/1000 gal

Alumine | KaOH Total |[Alumina | NaOH Total |Alumina | NeOH Total | Alwaina | NaOH Total

2,03 0 2.03 2,70 0 2,70 1.43 0 1.43 2.
1.45 | 0.1 1.% 1.91 0.15 2.06 0.97 | 0.07 1.0 1,58 | 0
1.27 | 0.17 1.0 1.63 | 0.23 1.86 0.81 | 0.11 0.92 1.30 | O.
1,18 | 0.2 1.40 1.51 | 0.29 1.80 0.72 | 0.1k 0.86 1,21 0
1,13 | 0.25 1.38 1.2 | 0.3 1.76 0.67 | 0.17 0.5% 1.15 | O

é VA WO N -

ocuvert $/1000 gal to $/1000 1 mitiply by 0.264.
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Pi - Pe 8 1000 Pi - P
A, = . X = 1 e

52 1
A2 = Ay - AlY'é-I = Ay - 'S-{ (A1Y52)

S3 S2 1
=z 2 ——— —— 5 —
Ay = Ay - AY2 53 - MY o = Ag - 57 (Ap¥Sp + A1Y%55)

An = Ay - 55 (A, 1¥S2 + AL p¥%53 + .. + Ap¥28n 4 + Ayielsy)  (5q 3)

where: A4 = initial alumina required, 1b/1000 gal
Ao, A3, esey Apn = Make-up alumina required for 2nd, 3rd, ...,
nth cycle, 1b/1000 gal
influent phosphorus concentration, mg P/l
= effluent phosphorus concentration, mg P/l
sorptive capacity of fresh alumina, mg P/g
sorptive capacity of alumina after 1,2, ...,
;;.1 regenerations, mg P/g
-L
L = fractional loss of alumina per sorption.
regeneration cycle

U
Q-
8 B E B

<
L]

The amount of sodium hydroxide regenerant required for each cycle

could be determined using the following equations,

Ry = CAy
A2
RB‘CA1Y+CA2'CY(A1 +-i,-)
A2 A
Ry = CAJYZ + CAY + CA3 = OY2 (Ay + ¢ + 23)

R, = CA{Y™=2 + CAgYD=3 + ., + CAj oY + CApy or

A2 An.2  Ap.t
= CYD=2 (Aq + e + ,,., + + ) or
Ry = CY™=% (Ag + 5 =3 72
= cy™=2 - --ZA“ ! (Eq &)
Rn YD;- q

where: Ry, R3, R4y ..., Ry = NaOH regenerant required for 2nd, 3rd,
4th, ..., nth cycle, 1b/1000 gal
C = regenerant requirement, lb NaOH/lb
alumina
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On the basis of the regenerant requirements determined in the studies,
which were 0.085 and 0.094 g OH™ /g alumina for the rapid mix-sedimenta-
tion and column systems, the value of C was taken as 0.20 and 0,22

1b NaOH/1b alumina for the F-1 (=325) and F-1 (~100) and for the F-1
(28-48) aluminas, respectively.

The chemical costs determined for this process were considerably
higher than values reported in the literature (13) for chemical
precipitation. Considering an 80 percent reduction of the total
phosphorus in primary treatment using alum and ferric chloride at a
1.5:1 AL:P or Fe:P molar ratio, and a 10-mg P/l raw wastewater
concentration, the chemical costs, including polymer requirements,
were estimated in 1971 to be $0.036 and $0,042/1000 gal (3785 1) for
ferric chloride and alum, Under similar conditions, the cost for lime
treatment was reported to be $0,014/1000 gal (3785 1). These values,
adjusted to present cost 1evels,* would have been $0,015, $0,038, and
$0.044/1000 gal (3785 1) respectively for lime, ferric chloride, and
alum, All these values do not reflect capital and operating costs
which would depend on the sizé of the plant and its location., One
fundamental advantage of the sorption process is its ability to effect
essentially 100 percent removal of phosphorus; however, this would only
be possible in the column mode., Wastewater effluent standards limiting
' the residual phosphorus concentration to 0.1 mg P/1, or specifying
removals ranging up to 95 percent have been reported (13) and chemical

precipitation would not be capable of meeting these limits,

*For "heavy and agricultural chemicals" the cost index was 121,52
on October 11, 1971, and 127.44 on September 16, 1974 (60);
consequently, a 1.049 factor was applied in order to update these

values,
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VIII. CONCLUSIONS

The findings of this investigation permit the following conclusions

to be drawn.

1.

2,

3.

L,

The bench and field-scale rapid mix.sedimentation and column test
systems, which were especially designed and built for this
investigation, were an appropriate means for studying the removal
of nutrients by sorption on activated alumina; although field

operation was highly indicated because it closely approximated plant

conditlions, widely varying influent waste characteristics made this

system difficult to control and affected the uniformity of the data
produced, complicating their analysis and evaluation.

The F-1 (-325)" and F-1 (-100) aluminas in the rapid mix-sedimenta~
tion mode, and the F-1 (28-48) alumina in the ¢olumn mode substan.
tially reduced the phosphorus content, but did not significantly
affect the total nitrogen concentration of a highly nitrified
secondary wastewater treatment plant effluent,

The exhausted aluminas could be regenerated for reuse by treatment
with sodium hydroxide followed by a water wash, however, the
regenerated materials were not as effective as the corresponding
fresh aluminas.

The removal of phosphorus averaged 76 percent in the rapid mix-
sedimentation system, and in excess of 88 percent in the column
system, from an average influent concentration of 7.2 mg P/1; the
column system could also effect essentially complete removals of
phosphorus, but at significantly reduced volumetric throughputs.

*The aluminas were products of the Aluminum Company of Amem:.ca,
Pittsburgh, PA; the number in parenthesis indicates mesh size.
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The removals of NHB.N and Org-N ranged from 10 to 30 and from 56 to

75 percent, respectively, and the corresponding influent concentra-

9.

tions were 1.24 and 0.40 mg N/1; less than 4 percent reduction was
obtained in NOs-N, which at 12.5 mg N/1 represented more than 87
percent of total nitrogen, while NOZ-N increased by 0.02 to 0,07
mg N/1.

The effluent from the rapid mix.sedimentation system had
approximately 30 percent less COD, however, discharge of alumina
particles increased its TSS concentration by an average of 100
[F-1 (~100)] to 822 [F-1 (.325)] percent; the column effluent had
35 percent less COD, and except for initial wash-out of alumina
fines, the TSS concentration was not significantly affected.

The average sorptive capacity of fresh F-1 (-325), F-1 (~100), and
F.1 (28-48) aluminas, based on phosphorus data, was 4.5, 3.4, and

7.8 (6.1 at column breakthrough) mg P/g, respectively; sorptive

capacity was affected by the alumina dosg applied, the amount of
phosphorus removed, and the residual phosphorus concentration.

The regeneration of exhausted aluminas with IM sodium hydroxide
required doses ranging from 0,085 (rapid mix-sedimentation system)
to 0,096 (column system) g OH /g alumina; the volume of regenerant
and wash water constituted 1.4 to 4.6 percent of thé volume of

the secondary effluent treated.

The reclaimed aluminas lost approximately 34 percent of their
sorptive capacity following the 1st regeneration and an additional
22 percent following the 2nd regeneration; this loss could have
resulted in part from coating of the alumina particles by calcium

carbonate.
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The physical loss of material in a sorption-regeneration cycle

was 13.5, 9.2, and 1.8 percent, respectively for the F-1 (-325),
F-1 (~100), and F~1 (28-48) aluminas.

The chemical cost (alumina and sodium hydroxide) of a 77.5 percent
reduction of phosphorus in secondary effluent containing 7.5 mg P/1
using F-1 (-325), F-1 (~100), and F-1 (28-48) aluminas was
estimated at $1.38, $1.76, and $0.84/1000 gal (3785 1), respectively;
the cost increased to $1.43/1000 gal (3785 1) if 90 percent removal
were to be achieved using the F.1 (28.48) material (column mode
only).

The cost of phosphorus removal by sorption on activated alumina
was significantly higher than the corresponding cost of treatment
by chemical precipitation; however, the sorption process was
capable of effecting essentially 100 percent removal of phosphorus
and should be considered when the required degree of treatment

cannot be obtained by the precipitation method.
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IX. RECOMMENDATIONS FOR FUTURE WORK
On the basis of the experience gained in this study, the following
areas of research would appear to merit consideration.

1. The feasibility of regenerant recovery and related cost, and the
ultimate disposal of the wastes generated by the sorption process
should be investigated; these would have a significant effect on the
practicality and overall economic evaluation of the method.

2. The modification of the regeneration process to incoporate
removal of the calcium carbonate coating warrants further study;
it would help to restore the sorptive capacity of the reclaimed
aluminas, thereby reducing chemical cost, and might be accomplished
by means of an acid wash (using carbonic or hydrochloric acid)
to dissolve the deposited material,

3. The logarithmic relationship which appeared to exist between the
alumina dose and the ratio of phosphorus removal to phosphorus
residual needs further experimental verification and analytical
justification to assure its applicability to a broad range of
operational conditions.

L4, The fate of nitrogen in the activated alumina sorption process
should be further investigated using secondary effluent from
a treatment plant operating near design conditions.

5. The design of the alumina column system should be revised to
include high-rate backwashing, necessary in order to reduce the
clogging and channelling problems.

6. The capital and operational costs should be determined in addition
to the chemical cost in order to establish the full economic

potential of the sorption process.
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APPENDIX A
SEDIMENTATIOK COLUMN DATA

The settling characteristics of the activated aluminas in
secondary wastewater effluent were determined using a 3-in, (7.6-cm)
diam, 4.4-ft (1.34-m) high plastic settling column which was equipped
with 4 sampling ports at 12-in, (30.5-cm) intervals from the top.
Ten.l volumes of secondary effluent containing varying doses of
alumina were first mixed for 22 min and were then introduced into the
colum. At predstermined time intervals, samples were withdrawn from
the ports and analyzed for turbidity and TSS, and the results are given
in Table A-1. An analysis of these data to determine the settling
velocity and requ:.red detention time for the 3 aluminas is presented

in Chapter V.
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TABLE A-1, SEDIMENTATION COLUMN STUDIES WITH ACTIVATED ALUMINA

_ Fe1(-325)
Alu- |Settl.|Secondary Colum Depth, ft
mina| ing Effluent 1 -2 L
Doge ﬁnme Tx;rb, a:? Turb.| TSS |Turb. gsL Turb.[TSS |Turb.]TSS
tu 1] jtu 1] jtu 1] jtu 1] jtu 1
B IO et
10 720 710 716 692
1.951 30 310 346 332 376
60 158 256 210 220
120 _ 52 110 134 142
0 | 18 | 28 | 1701010
10 200 73% | 200 734 | 200 | 724 | 200 | 568
30 200 | 368 | 200 | 394 | 200 | 400 | 200 | 406
60 160| 97| 180 | 232 | 180 | 242 | 180 | 258
120 g8o| 78| 40| 142 | 150 | 184 | 160 | 164
240 , 70| é+] 80| 80| 80| 8| 95| 108
0 | 18 | 28 | 140 [1378
10 220 | 600 | 220 | 484 | 220 | 532 | 220 | 498
30 180 | 232 | 190 | 282 | 190 | 250 | 190 | 292
60 130 | 130 | 140 | 158 | 140 | 160 | 150 | 174
120 60| s4| 85| 88| 95| 116 | 120 | 116
1,30 240 | s0l Wo| 60| 52| 75| 68| 901 94
. 0 | 17 | 2% | 150 (1162
5 160 | 986 | 160 {1012 | 160 | 1066 | 160 |1072
10 190 | 682 | 190 | 728 | 180 | 790 | 180 | 770
20 200 | 438 | 200 | 438 | 200 | 530 | 200 | 526
30 200 302 | 200 | 358 | 200 | 392 | 200 | 400
60 160 | 158 | 180 | 222 | 180 | 260 | 190 | 272
120 70| 481 140 | 132 | 150 | 166 | 160 | 196
0 2l 50 140 | 1144 ‘
5 160 | 1048 | 140 |1170 | 140 1178 | 140 1174
10 190 | 710 | 190 | 952 | 190 | 766 | 190 | 762
25 200 200 | 420 | 200 | 456 | 200 | 476
50 180 | 216 | 190 | 288 | 200 | 298 | 200 | 314
100 120 84| 160 | 174 | 120 | 192 | 120 | 204
130 o| 48| 160 | 12 | 160 | 174 | 160 | 178
0 | 13 | 10 | "2&""352
10 ' 200 | 468 | 200 | s04 | 200 | 532 | 200 | Sk
0.65| 30 180 | 234 | 190 | 288 | 180 | 302 | 190 | 330
60 140 | 126 | 160 | 166 | 160 | 200 | 160 | 208
120 so| 46| 120| 88| 130 | 112 | 140 | 152
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TABLE A-1(cont.). SEDIMENTATION COLUMN STUDIES WITH ACTIVATED ALUMINA

Alu- |Settl-|Secondary E=i(=100)

u- |Se econ Column De £t

mina | ing | Effluent 1 2 Zepth, St n

Do:sle gnme Tg:b, ;2?1 Turb |TSS | Turb, TS? Turb. i? Turb.] TSS |

g/l Q jtu 1] jtu 1] jtu 1] jtu 1l
0 | 13 | 38 | 120 gééo - ng/1

| 10 75| 170 85 | 228 | 85 | 254 | 85236

1,95 30 55| 106| 55 | 120] 60 | 130| 60|14k
60 4s| 80| 48 86| 50 8| 50| 96
120 Lo| 62| 39 o4 | 40 68| 40| 76
0 |18 | 0 | 110 500
10 s5| 116 60 | 13%| 60 | 130| 65148
30 35| 6| 40 72| 45 76| 45| 96
60 26| 18| 35 | 54| 35 | 58| 36| 64
o AR FAREA AR 15
0 | 18 | 40 | 100| 306 |
10 45| 58| 50 66| 55 92| 60110
30 301 24f 33 36| 37 Ml 39| W
60 22 6| 25 18 | 28 | 3] 26
120 16 ol 17 2| 22 6| 23| 16
240 \ 18 6| 18 2| 17 o] 17] &4

1,30 o (17 [ 26 [ 110|115k
5 70| 202| 85 | 168 90 | 34| 95336
10 ss| 112| 65 | 6| 75 | 186 | 80|21k
20 bs| 60| 52 | M| 55 96| 60104
30 31| 34| 40 60 | 50 76| so| %
60 26| 28] 38 sh | 40 8| 45| 7
120 181 32| 27 28| 33 38| 33| 36
0 | 12 | 10 | 120 630
.5 251 190| 80 | 230| 95 | 304} 100|378
10 s0] 92| 65 | w4 | 70 | 164 751200
25 ho| 66| 45 70 | 50 80| 55106
50 28| 28] 38 50| 55 56| 55| 66
100 18| 18| 28 3| 30 Wl 321 40
130 16| 10| 27 20| 32 4| 32| %0
0 9 | 12 50 | 258
10 36| 66| 45 | 100 45 | 120| 50140

0,65 | 30 27| 38| 28 50| 31 skl 35| &
60 241 36| 23 26| 26 %| 27| 38
120 20| 22] 20 24| 21 26| 20] 22
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SEDIMENTATION COLUMN STUDIES WITH ACTIVATED ALUMINA
F=1(28.48)

Alu- | Settl.| Secondary Column Depth, ft
mina | ing | Effluent 1 — 2 N
Dose | Time |Turb]TSS [ Turb] TSS | Turb] TSS | Turb] TSS | Turb] TSS
g/l m.g ﬂu ngél ijgu mgél jtu|mg/l| jtulmg/i| jtu]|mg/l
10 | 18| 1| 16 | 14 | 20 | 14 | 16
30 13| 16| 1312 13| 12| 13| 12
123 13 16 P u(: 13 | 10| 13 | 10
3 0 2 12| 8] 12
1.95 o [ 1T | 141 14| 23 26
10 1 | 18 | 13 | 18 | 14 | 24 | 14 | 24
30 12 | 18| 13|12 |13 | 24| 13| 18
60 12 | 15 | 12| 16 | 12 | 16 | 12 | 16
120 9 | 8 | 10| 12 | 11 | 18 | 11 | 18
0 | 13 | 12 | 17 | 58
5 16 | 24 | 16 | 10 | 16 | 12 | 17 | 2
10 1 | 20 | 15| 10 | 15 | 14 | 15 | 14
20 15 | 1 | 15 | 10 | 15| 12 | 15 | 14
30 1 | 12 | 14 | 12 | 14 | 12 | 15 | 10
55 14 6 | 13 | 12 | 13 8 | 13| 10
120 ‘ 12 4 | 12 | 2 | 13 8 | 13 | 14
o |13 ]3]1 e
5 18 | 16 | 19 | 18 | 19 | 16 | 18 | 10
10 17 | 26 | 18 | 3 | 18 | 28 | 18 | 30
25 15 6 | 17 | 16 | 17 | 28 | 17 | 24
50 13 | 16 | 15 | 22 | 17 | 24 | 16 | 30
100 13 | 16 1y | 22 | 14 | 24 | 15 | 24
1.0 |-130__ 12 | 14 | 13 [ 22 | 14 ) 28 | 14 | 24
-3 o [18 [ 16 2 | 2% .
5 20 | 24 | 20 | 20 | 19 | 20 | 19 | 24
10 18 | 18 | 18 | 18 | 18 | 16 | 18 | 10
20 17 | 10 | 18 | 16 | 18 | 14 | 18 | 10
30 17 | 18 | 18 | 16 | 18 | 12 | 18 8
60 17 8 | 17 | 16 | 17 8 |17 | 8
120 15 | 10 | 14 8 | 14 | 4 | 14 6
0 | 18 | 16 | 23 | 18
5 22 | 10 | 22 | 26 | 22 | 26 | 22 | 20
10 20 | 12 | 21 | 20 | 21 | 14 | 21 | 20
25 20 4 | 20 | 12 | 20 6 | 18 | 12
50 16 0o | 18 6 | 18 | 12 | 18 | 12
100 12 0| 13 2 | 16 8 | 17 | 10
130 11 0 | 1b 6 | 16 | 10 | 16 8
11 [ 12 | 1 é
13 13 12 | 12 | 1w | 12 | 16 | 12 | 16
30 12 | 16 | 12 | 12 | 12 | 16 | 12 | 12
60 11 | 12 | 12 8 | 12 8 | 12 6
0.65 |-120 12 b | 12 | 1 | 11 6 | 11 8
ST [ [ 13| 2
10 13 | 14 [ 13 | 14 | 14 | 16 | 14 | 20
20 10 | 14 | 11 | 14 | 12 | 16 | 12 | 16
60 9 | 12 |10 | 10 |11 | 16 | 11 | 16
120 § 9 8 | 10 L | 10 | 14 | 11 | 14
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APPENDIX B

ABBREVIATIONS

The following abbreviations have been used in this dissertation.

Acid-hydrolyzable phosphorus Polytortho-P
Alkyl benzene sulfonate ABS

Ammonia nitrogen NHB-N
Chemical oxygen demand COoD

Column or bed volume cv

Nitrate nitrogen NOB-N
Nitrite nitrogen NOZ-N
Organic nitrogen Org-N
Suspended solids 55

Total dissolved solids TDS

Total kjeldahl nitrogen
Total phosphorus
Total suspended solids

Total kjeldahl-N
Total-P
TSS
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