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I• INTRODUCTION 

I~ the early development of the science. Sanitary Engineering• 

emphasis was placed upon certain fundamental tNatment procesaea-

Nduction of turbidity• destruction and/or removal of pathogenic micro-

organisms• and later,• the treatment of sanitary wastes to prevent the 

biochemical pollution of aUl'face courses. Because of the extent and 

uniformity of the sanitary waste waters then Nacbing OUl' streams, 

procedures were readily developed (large~y from existing water treat• 

ment techniques) to accomplish the neceasary·cleansing prior to dis-

charge. 

The industrial expansion and popula~ion increue since World War 

II have greatly increased the magnitude and diversity of waste products 

discharged to natural watercoUl"Bes. Con~urrently • medically oriented 

research and epidemiological studies have caused concern as to the 

long-range effects of waste product• and ·their derivatiYea on the pub-

Uc health as these •ubstances accumulate in the environment. The 

concern has been sufficient to stimulate _a crash program of research 

to develop practical water and waste-water, treatlnent processes c:a.pable 

of re1DOving undesired constituents, 

One such substance is nitrate•nitrogen. For many years the 

occurrence of nitrate.nitrogen was of interest only in sa.nital'Y analysea 

where it sel"Yed, in conjunction with other nitrogenous constitu•nts, as 

an indication of the history-and sanitary quality of natural water 

and waste water. Since the various chemical forms of nitrogen present 
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in such water supplies were provided largely from pollution by animals 

or humans, the quantity and types of nitrogen compounds pNsent were 

recognized as significant. The quantity of each form of nitrogen 

could be employed to estiinate the degl'ee and proximity of the possible 

pollution. Initially the forms of nitrogen (at or close to the point 

of pollution) were organic (protein) and ammonia•nitrogen. As time 

passed and aerobic conditions obtained, 'the organic and ammonia•nitro ... 

gen were oxidized to ·first nitrite and then nitl'ate.•nltrogen. · TheN• 

fore, the presence of organic and ammonia•nitrogen suggested recent 

pollution and the occurrence of nitrate•nitrogen suggested pollution 

at such a long time previous~y as to offer little threat td the 

hygienic safety of the water. The employment of nitrogen te~ts to 

estimate the sanitary quality of water supplies was essentially re--

placed by a inore reliable but also circumstantial teat: the bacteri• 

ological test for colifom organisms. The complete series of events 

involving nitrogen has been described as the "nitrogen cycle." 

I!l l91f3\t Camly (8) rroposed that infant 119themoglobinem!a might 

be due to the ingestion of high nitrate water. lCnowledge of the 

detailed mechanism of nitrate poisoning is still incomplete. It is 

believed, however, to consist essentially of the intake of high 

nitrate levels with the infant's (under approximately six months of 

age) formula water end this nitrate is reduced to nitrite in the 

still-alkaline stomach and intestinal areas (35). The poisonous 

nitrite passes freely into the blood stream where it irreversibly 
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combines with the hemoglobin, foming athemoglobin (the reduced state). 

This formation of iITeversihle methemoglohin prevents the blood from 

serving as an oxygen supplier and, without prompt treatment by a phy• 

sician• may cause the child's death. The poisoned infant develops a 

blue discoloration of the akin (cyanosis) and therefore is comonly 

referred to as "a nitrate•induced blue-baby." Many factore affecting 

the susceptibility of individual infants •re apparently involved, but 

they have not as yet been elucidated. In recognition of the new 

sanitary significance of nitrate•nitrogen, the United States Public 

Health Service (34) has proposed a limit of 10 milligrams per liter 

(mg/l)(N03,N) in the recent.Drinking Water Standards (1961). Others 

have more recently considered the problem of nitrate in water (6) 

(22) (16). 

In addition to its possible poisonous effects on infants, atten-

tion has recently been focused on nitrates in the fertilization of 

surface streams (25) (26). Waste waters containing phosphates, 

nitrates and other growth factol'S tend to stimulate the growth of 

undesired aquatic plants in proportion to the limiting concentration 

of one of the nutrients. The adverse effects of such fertilization 

hne includeda (a) algal toxicity 9 (b) aesthetic harm, such as taste 

and odors in potable water and (c) a build•up in biochemical oxygen 

demand (19). 

Hitrate•nitrogen has been reported as important in agricultural 

and industrial water quality (21). In irrigation waters, nitrate in 
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excessive quantities has been known to reduce soil permeability; and 

nitMtes have accumulated to toxic concentrations in the soil. cattle 

have been reported affected by nitrate methemoglobinemia through feed• 

as well as water. which contained nitrates. Nitrates have been N• 

ported as injurious in industrial water supplies for the dyeing of 

wool and silk fabrics; and in the fermentation processes. 

The principal sources of nitrates in watercourses baYe been sug-

gested as explosives manufactuN, fertilizer production and nuclear 

fuel refining operations (14). Surface drainage and sewage treatment 

plant effiuents have become more of a p"!'Oblem in recent years. The 

trend toward greater C011petltion for water use in the fut\ll"9 suggests 

increased problems from nitrate•nitl'ogen. 

As a .. result of the newly established sanitary significance of 

nitrate•nitrogen• and an appa.Nnt general disparity of knowledge of 

nitrate removal techniques. this research was initiated. Its objec-

tives weres to consider the analytical procedures available• to study 

the effect ( if any) of conventional water treatment procedures, and 

to ascertain tbe feasibility of reducing abnorraally high concentra• 

tions of nitrate in waste waters by an unconventional activated sludge 

system. It was anticipated that the data obtained would supplement 

any existing data on the eubjeQt and, that in the case of the activated 

sludge, design criteria could be recomended for the dea.ign of proto-

type activated sludge planta to remove nitrate from waste watel'B. 

The research was of an exploratory laboratory nature primarily con-
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cerned with those methods applicable to the trea:tment of municipal..,. 

scale installations. 
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It. REVIEW OF LITERATURE 

As a result of this naw knowlqdge of and interest in n1trate9 many 

researchers have attempted to t!nd methods of removing abnorMlly high 

eoncent~ations from wator guppl!es and waste-water discharge~. The N• 

moval attempts have not only included anion exchange and activated 

sludg-.tt but 'ITIQre recontly have ranged from chemical reduction (39) to 

the employ,:ient of algal systems (13) (14). 

The use of an!on exchange for the removal of nitrate has been 

pr!nc!~Uy :f.'or analytical purposes (18) (36}s howeve!' 1 notable oxaep-

t!ons to t;!a goneral trend have been the work of Krueger (17) and the 

work repol"'ted by ~hlich (23). Krueger !nvost!gatod the feasibility of 

employing anion exchange for the removal of nitrate from ground water 

supplies for rural household~. He recommended a batch operation with• 

out subsequent regeneration of the resins for simplicity since the tech-

nique was developed for treatment of small quantities of drinking water 

by technically unskilled person~. His work was limited in scope, but 

it did include a recommendation to use a strongly basic resin (e.g. IRA• 

400 or IRA-410). Rohlich reported that nitrates could be refflOved effi-

ciently from waste-water etfluents with a strong base anion excbange 

resin Ntganerated with NaCl. He reported exchange capacities from 6.5 

to 11. 7 tdlogratns per cubic foot of resin (Kgr./Cu.rt.) f.S calcium 

~rbonate (CaC03) for dift'erent nslns. IRA-~10 was l'eported as having 

exchange oapacltles from ~.7 to 11.7 kgr~.tt. as caco3 for Mgenera-

t!on levels of 4.0 to 6.8 pounds of NaCl per cubic foot of r-esin. 
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Several t)ersons h~ve i.nvaatigated various aspects of nitrate.nit-

rogen in the activated sludge process including some of interest in 

this investigation (2) (3) (4) {5) (9) (10) (15) (20) (28) (29) (32) 

(33) (37) and (38). Delwiche (10) has presented valu~ble backqround in-

formation on the biological transformation of nitrogen compounds. 

Taylor, Mathews and Christenson (33) were concerned ~ith determining 

the effeot of hiRh nitrogen concentrations on the operation of a con-

ventional activated sludge process. Nitrate.nitrogen in concentrations 

up to 4,800 mg/1 had no deleterious eff.eot, as judged by common stand-

ards, if the sludge were properly acclimated. Symons, and McKinney 

(32) studied tho biochemistry of nitrogen in the synthesis of activated 

sludge. Th~y reported that an activated sludge could be developed with 

nitrate as a sole nitrogen source if 12.s mg/1 or more were added to a 

sod.ium acetate substrate of 1 1 000 mg/1 as acetic acid alonR with other 

additives. They reported an unaccountable loss of "some nitro~en" in 

the process and presumed it to be in the form of nitrogen gas. No 

quantitative es~imate was made of this loss. 

Christenson. Rex, Webster and Virgil (9) -ere the first to employ 

an adapted activated sludge on a pilot-scale basis for the reduction 

of high nitrate concentrations in a waste water. Although the work was 

apparently extensive, few data were reported (possibly because of 

security restrictions sine• their work involved a nuclear fuel process-

ing waste water). An excellent effluent was produced with no ammonia, 

nitrite, or nitrate when an acclimated sludRe was fed u~ to 2,800 mg/1 

of methanol, 1,100 mg/1 of nitrate.nitrogen and 22 'ffl!'.ll of phosphate 
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dissolved in tap water. They found no effect on nitrate re111.0val effi• 

ciency as long as the mixed liquor suspended solids value was above 1200 

mg/1. They reported an estimated maximum rate of nitrate removal on the 

order of 70 rag/l per hour. They recommended a nitrogen to methanol 

ratio of 1&2.6 for the continuous process and a ratio of 1'12.4 for the 

batch process. The sludge that was developed was quite granular and . . 
had a low sludge density (varying from 3 to 4)w They reported that the 

system was not an activated sludge in the true sense. but that it func-

tioned as one. 

Bringmann et al in a series of papers (2) (3) (4) and (5) reported 

on studies concerning the NIIIOVal of nitrogen principally from digester 

supematants by a combined process of nitrification and denitrificatiOl'l. 

The most recent paper (2) reported on the first experience with a small 

pilot-scale unit which was designed on the basis of knowledge of the 

process gained during the earlier research. The pilot plant consisted 

essentially of a nitrification (ae~ation) tank with a volume of three 

cubic meters• a denitrification tank with a vol\1Yll6 of one cubic meter, 

and the .mcillary equipment 00mmon to such units. The process involves 

the oxidation of mmnoniecal.nitrogen to nitrites and nitrates which are 

in turn removed as nitrogen gas by denitrification effected by an 

anaerobic process; viz. by adding suitable oxidizihle substance (such 

as domestic sewage) as reducing agent to the oxidized waste water. 

Little data were given, but removals of 64 to 77 per cent of ammoniacal• 

nitrogen are reportedly possible. With a detention time of 7.5 hours, 

40 mg/l of nitrate•nitrogen were completely eliminated by the plant. 
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Wuhrmann (37) (38) has also been interested 1n nitrogen removal 

f1"0II domestic wastes by a system of nitrification and denitrification. 

In a continuous flOII study (38), a domestic waste was tNated first in 

a conventional activated sludge aeration tank and then was treated in 

an anerobic denitrificatlon unit. Areation time (in the aeration tank) 

varied fl"Oti\ l.7 to 2.2 hoUl'S. Sufficient mixed liquor solids weN 

maintained to cbtain load factors [biochemical oxygen demand added per 

day to volatile suspended solids in the aeration tank (LF)] of 0,2$ to 

0.33. This highly n!trified mixture was subsequently sti'<'Nd anaerobl• 

oally for 2.2 to 2.e hours to obtain. denitrification, No addition of 

raw waste waa· indicated to facilitate denitrification •. Influent nltro-

gen concentrations were 20 to 25 mg/1 and effluent concentrations were 

3 to 4 mg/1, 

Ludzack and Et'tingezt (20) have reported on a laborato'Z'Y' study of 

a semi•ael'Obic activated sludge pR>Cess designed to mJ.nimlze the efflu-

ent nitrogen by contl'olled operation of the plant. '!he small•acale 

aeration vessel employed. in the study contained two . compartments I one· · " 

aerated and the other stirred mechanically• Primary den! trificaticm 

occurred in the mechan1cally-st1rned compart111&nt since the reduced 

aeration forced the microbial population to reduce the pNYio•taly nit• 

rlfied nitrogen (i.e. nitrite and n!tl'•t•) to satisfy the requirement 

for oxygen to be used for,, respiration and synthesis. A domestic waste 

with feed supplements wh!cb·could be varied by the researchers was 

employed as the waste influent. Biochemical oxygen de111m1d ranged hoa 

200 to 300 mg/1 which generally gave a B.o.». to nitl'Ogen ratio of 
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about 611., The activated sludge operational temperatul'e range was ien-

erally 23 to 26°c... but tests were also run at temperatures of 10 and 

1s0 c., Total process removal of nitrogen Val'i-:ad from 20 to 77 per cent in 

spite of wide variations in load ratio. Total process denitrification 

of the three aost similar tests (i.e. modified operation.strong waste 

plus digester supernatant) at temperatul"es of 23 to 26oC., 1s0 c •. , and 

10°c. • were 58, 35 and 28 per cent respectively. Oxygen utilization 

from the eemi-ael'Obic operation w~ high• e.g. lf.0 to 55 milligrams of 

oxyg~n (mg o2) per gram of milted liquor volatile solids (M.L.v.s.) per 

hour after·feeding as opposed to about 40 mg o2 per hour afte~ feeding 

for conventional activated sludge. Sludge density values ~neNlly 

ranged~ o.6 to 2.s at 23 to 260c. under various loads an~ conditions. 

Ludzack and Ettinger concluded that," the operation could be perf01'med 

in existing plant facilities by provision of a means to recycle con-

trolled amounts of mixed liquor from the effluent to the influent zone 

of aeration." Since their feed nitrogen form and operating conditions 

fluctuated widely• and since there was a la.ck of precise information 

concerning influent a.o,.D. and nitrogen levels• the data presented were 

of little value in the adaptad activated sludge study. 

Johnson and Shroepfer (15) have most recently (August 1964) consi• 

dered the remcr,al of nitrogen from waste waters by a combination of 

nitrification and den1tr1fication. They presented details of their 

laboratory studies which consisted of aeration in activated sludge 

tanks and denitrification in separate fully-enclosed reactors. In the 

batch process studies. the addition of NW waste to mixed liquor in 



ratios of about 115, permitted the depletion of nitrate~nitrogen in 

three hours while at the same time ammonia,nitrogen concentrations in-

creased to a plateau of about 6 to 7 ~/1. The majority of the denitri-

fication tests veN conducted at 20°c, and generally under continuous 

flow conditions, Detention times in the reactor varied from 1,06 to 

4.67 hours and load factors varied from 0.151 to 0,876, With reasonably 

good denitrification• overall removals (including both nitrifiCAtion 

and denitriflcat!on) varied from 63,3 to 69.'2 per cent of the incoming 

quantity. Denitr!fication removals al.one were 57,6 to 64,1 per cent 

of the incoming quantity. Through nitrogen balances, it was deterinined 

that practically all the nitrogen was removed froM the system in the 

form of nitrogen gas with no evidence of the presence of nitrous o,dde 

(N2o) or nitric oxide (NO). The sludge in the denitrif!cation reactors 

had a rather high sludge volume in~ex as well as noticeable odor. The 

effluent B.O.D. values weN in the range of 17 to 29 mg/1 and the ratio 

of oxygen used to the S•day. B.o.n. removed varied from o.91 to 1.2a. 
Little data were presented in a form useable in the adapted activated 

sludge study, with the exception of Test Humber 23. All of the data 

reported were obtained from an apparatus employing anaerobic denitri• 

fication in a closed reactor, rather than concurrent denitrification 

in an aerated vessel as employed in the adapted activated sludge study. 
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III •. THE IHVESTIGAffOH 

The research phase of the 1nveatigat1on consisted of four distinct 

atudiess a Cl'itical evaluation of the phenoldiaulfonio ac:1cl procedUN 

for the determination of Ditl'a:te•Ditrogen, an evaluation of conven-

tional or slightly modified wata tJ.teatmeDt pl'OCessea for the Nmoval 

of nitrate, an evaluation of an.ton exchange 1n the removal of nitrate, 

and an evaluation of an adapted activated sludge system for- the removal 

of nitxtate frcm waste waters. The studies were conducted in the 

labOl'atory and were intended to yield data of value fOl' the design of 

full-scale units. 

A. Analf!.lcal Proceclures 

Aftv review of the aYailable methods for.t the dete:rmination of 

nitrate•nitrogen followed by preliminary 1abcc-at0l'y work• the pbenol-

d1sulfon1c aoid method was selected as the most feasible fort the antic-

ipated res•~• Since the method suffered from many inheNnt weak-

nesses and requ!red some degree of skill in its perfamance, a study 

waa conducted to eatabllsb its limits aa weU aa to !mprcmt the 

analyst's techniques pl'ioi- to cQRGnoing the main research phase~ 

The results of this ·study can be.found 1n the Appendix. 

Other determinations Nqaired during the research followed 

1:be proced.UNS recaamended 1D Standal'd.Metho41 (30)(31). Where 

poaaible 1 photcmetr1c methods were employed tor- greater facility. 
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The gas analyses were performed following the procedures recommended 

by Fisher Gas•Anal%919..Hanual (12) and utilized the Fisher Technical 

Gas Analyser. Absorbents employed were concentrated potassium hydrox• 

!de.alkaline pyrogallol. and a suspension of cuprous sulfate and beta-

L~pthol in sulfuric acid. Each of these chemicals was purchased from 

Fisher Scientific Company in the proper form for these gas analyses. 

Combustibles were removed by slov combustion in oxygen in the presence 

of a glowing platinum coil. The residue which was left after removal 

of tho reactive co11ponents was reported as inerts and include~ nitro-

gen gas. 

B. Coagulation Studies 

In order to determine the effect• if any• of conventional or 

slightly modified water treatment operations on nitrate NtnOval 1 a 

series of laboratory-scale coagulation-sorption experiments were 

performed. These tests were of an exploratory or.screening nature and 

whenever possible were conducted in a manner so as to duplicate actual 

water treatment plant conditions. 

Two nitra.te•nitrogen levels were e•ployed (10 and 100 mg/1). 

Alwdnum sulfate, fel't"ic sulfate, ferric chloride and ferrous sulfate 

were inveatigated both alone and in conjunction with varying quantities 

of coagulant aids (bentonite clay, activated carbon _and activated 

silica). Sorption data were also obtained for activated carbon and 

bentonite clay. The effect of certain other water treatment operations 

( lime-soda softening. sodium hexametaphosphate and copper sulfate) were 
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included to detem!ne if a removal of nitrate was accomplished. 

Apparatus ,!!! Materials s 

The apparatus employed for this study included a six-unit variable 

speed multiple stirrer. six 2-liter jars, a filtration assembly (with 

Wbatman N'waber one Filter Paper) a BecJcman Model H pH meter, a timer, 

and laboratory glassware c0m111only employed in a coagulation or "jar" 

test. 

The materials employed in this phase of the investigation were 

those substances generally utilized in the treatment of municipal water 

supplies (Table 1). 

Pl'OCedUNI 

The general technique employed !n the jar tests followed cOllllODly 

accepted procedures (7)• except that in this !nftatigation fiocculatiCD 

was a secondary consideration to the possible Nmoval of 11itrate•nitro-

gen. A synthetic water of known composition was prepal'ed in the lal>-

watoey to facilitate better control (see Table 2). Imediately prior 

to a given run, aod!WD nitrate (naNo3) was added to the water to obt&in 

a des!Nd concentration of nitrate. 

A typical run consisted ot the following operations performed in 

sequences 

a). Each jar vaa dosed with cne and one-half litez-a of aynthetic 

water containing the desired concentration of nitrate. 



TABLE 1 

PRINCIPAL CHEMICALS EMPLOYED IN THE COAGULATION-SORPTION STUDY* 

Chemical Name Chemical Formla Common or Trade Manufacturer 
N.11111A 

1. Activated C Aqua Nuchar West Virginia Pulp and 
Carbon Paper Company 

2. Alwainum Al2(s04)3•14H20 Alum American Cyanamid 
· Sulfate Company 

a. Bentonite - Volclay American Colloid 
Company 

4. Copper CuS04•SH20 Blue Vitriol -Sulfate 

s. Ferric FeC13 Anhydrous Pennsylvania Salt 
Chloride Ferric Chloride ManufactUl'ing Company 

6. Ferric Fe2(so4)3•9H2o Ferrifloc Tennessee Corporation 
Sulfate 

7. Ferrous FeS04•7H20 Copperas -Sulfate 

a. Sodium Hexa- (NaP03)6 Calgon -metaphosphate 

9. Sodiwa }la2o•Si02 Water Glass Philadelphia Quartz 
Silicate Company 

*Prepared largely from data by Fair and Geyer (11). 

N 
o::t 
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TABLE 2 

ANALYSIS or SYNTHETIC WATER EMPLOYED Ilf fflE INVESTIGATION* 

Temperatul'e 24oC. 
Tul'b1dity Tl'aca 
ColOl' Negligible 
Odor, Cold 0 

Hydrogen Ion Concent:ratim. pH Units 1.0 
Alkalinity, Total 104 ag/1 

Bicarbonate AlJcalinity 104 ag/1 
Free Carbon Dioxide 21 mg/1 
Total Hardness 104 mg/1 
Residue 144 ag/1 
Dissolved oxygen ,.s mg/1 

By Calculatimu 

Sodlum 2.17 mg/1 
Magnesium s.76 mg/1 
Calcium 28.96 11g/l 
Sulfates 16.85 mg/1 
Phosphates 3.06 mg/1 

Prepared by adding 'the followings 

Form mg/1 

Calcium Hydr~d.de Ca(OH)2 37 
Calciwn Phoapbate-Tertial'Y ~(P0-)2 5 
Calciwa Sulfate C ~•2H2o 30 
Magnesium carbonate MgC03 20 
Sodium Cebonate Na2C03 5 

*Analysis Obtained.by a Grab Sample. 
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b). The multinle mixer was adiusted to run at 100 r,,m. 

c). Each j11r was dosed with coagul1mt ranginR from O ffiit/l in the 

first ja~ to ~ro~resaiYely increased concentrations to the 

sixth jar. Thus the fit'St jar served as a t..ontrol, 

d). The multi~le mixer was adjusted to run at approximately 

5 rpm fo~ ~bout twenty-five minutes after which the contents 

were permitted to settle in each jar. 

e). Aliquots for analysis were obtained a.fter filtration through 

Whatman Number One Filter Paper retained by a glass funnel 

and holder. Analyses were also performed on the original 

samples (prior to addition of coagulant) which insured 

correct initial nitrate concentrations. 

f). 1111s general procedure (after selection of a given coagu-

lant dose) was followed in subsequent :runs which included 

effect of variation of pH 9 addition of bentonit~ clay 9 

addition of activated carbon and addition of activated 

silica. 

The adjustment of pH was accomplished by the addition of proper 

amounts of O.lN sulfuric acid or sodium hydroxide to the synthetic 

wate~ containinp, the desired eonc.entration of nitrate. A pH meter 

and magnetic stirrer were found helpful in this adjustment of pH. 

The individual jar's pH varied from 4.0 to 9.0 in one unit incremetrts. 

The r,,roy,e!' amount of coagulant was then added and the general procedure 

described in the previous paragra'\)h was followed. 

In a similar manner, the effect of turbidity was determined 
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by the addition of 101 25 1 so, 100, 150 and 250 mg/1 of bentonite clay 

to the :.dx ar-s a t constant H, coagulant dosa e and nltt-ate conc.antl'a-

tio., Acti ted c rbo 1.1as added in t ho ub"' nent run i o.f 

S, 10" 25 50 100 !'ld 250 m /1 with a constant coa~lant do r, ,. pH 

and it . t level . 

The t'ivat~d s ilica ·>a loved i n t he la t run of 

s freshly ru . arod by :follo1'in?, 't ma. u .acturer• · ~up-~ te • :roee-

dure$ (1 o d utilizin~ dilut d oluti ns of ~- silie.--it of ... da and. 

d i.luted solutions of mmnoni um sul: ate sunplied b the man.u "c'tur~'r-. 

The wo :terlals m:.?~e. 1."'ther diluted.,, mixed a . od f <>r fiv~ minutes 

and we-l'e then added to tl'te :e;,ntMtic rater which contained the propel" 

conc~t~ tion oi n 't:r-at-a. Act:iva·ted silfor1 conctt 'trat·on~ of s,.. 20·. 

25 35 so and 60 mg/1 as s·o2 wee 'Oroducoo. Th &:ff ct ()f activated 

earbon a.lone ~n tho re.'OOVal of .i tra.te as ~nvestigiit'ed, ada.:rt i _ 

1"'$Viousl:y di::;cuss~d roceeures,. · Fo. a · gi11a • i ti-ate oone,e tx-ntlon,, a 

varyin a-mO\mt of activ..a:tad carbo wa..., added t"o neh j a t- f oJ.lo · by 

'll'i.xtn12:. set-tlin,:z, r ltvation and anal si for n ·t.m:te A · gtv n 

nl'tra:, ,concentration and act ivat~d cal"bon l vel the · in eac· j a~ 

w s v~:rted fro 4. o to s .. o in a ran. 'nle e ffect of J)OS ibl.e ad!i.01"1pi-' 

tion by bmitoni te cla • ·1as studied in a im " lar m,~nn r 

c en1:rathms s dierl were so , 100, 200, 300 1 500 and 1000 mn/l., while 

t e otivated 

lOOO ,np/l._ 

rhon eone mtrati ons we e 100 200 . '300 400 SC and 

A. , uance of _"a · containin~ t otal hru-dnesses ( :., cal~i,:.m earbo,. 

n te) f m BB to 3 ie;/l. an<l r1 nitrat~ cor1t:.!ent •a i m f i O .m,:,/l 
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lf9l\e softened by addition of lime-soda ash• The final hardness was 

measured as well as the nitrate remaining in tbe filtrate• 

The effect of the additico of sodium hexametapbosphate to the 

synthetic solutions which contained 100 mg/1 of nitrate•nitrogen waa 

detU11ined by the addition of Oto 25 111/l Calgon. Th• pH was varied 

from 4.0 to 9.0 at a calgon level of 25 mg/1 and at a nitrate.nitrogen 

concentration of 100 mg/1. 

A run was made on the effect of copper sulfate (at o.a mg/1 as 

CuSO..) a nitrate concentration of 100 mg/1 and pH values of 4,0 to 9,0. 

Results, 

The effect of coagulation with aluminum sulfate, both alone and in 

conjunction with bent.onit• clay, activated carbon, and activated ailic4, 

at nitr-ata concentrations of 10 and 100 mg/1 aN presented in Tables 3 

and 41 respectively. The removals effected varied without well defined 

pattern, from Oto 6 pe cent with the majority of removals closer to 

the former value. Several appal'ent recoveries were in excess of the 

nitrate added with a maximum value of 104 per cent being obtained. 

The results of similar coagulation with ferric sulfate are given 

in Tables 5 and 6. The maximum nitrate removal was 10 per cent at a 

nitrate•nitrogen concentration of 10 mg/1, ferric sulfate dosage of 

100 mg/1, activated silica dosage of 60 mg/1, pH of s. s. Under a!mil.ar 

conditions at a higher nitrate application concentration (100 mg/1) the 

removal was 95 per cent. Recovery values varied between 90 and 104 per 
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cent with the majority close to 100 per cent. 

Tables 7 and 8 present the results of coagulation experiments with 

ferric chloride as the coagulant. Nitrate removal varied f1"01D Oto 6 

per cent without perceptible trend. 

Tables 9 and 10 illustrate coagulation results for ferrous sulfate. 

A maximum nitrate removal of 6 per cent was obtained. 

The effect of activated carbon on nitrate removal without the 

addition of a coagulant ls given in Table 11. Nitrate recoveries at a 

nitrate•nitrogen concentration of 100 mg/1 varied from 77 to 100 per 

cent. Recoveries from the other runs varied from 96 to 109 per cent. 

The results from the bentonite study can be found in Table 12. 

Nitrate recoveries varied from 92 to 108 per cent again without 

apparent trend. 

The results from the lime-soda softening, sodium hexameta-

phosphate and copper sulfate studies are presented in Tables 13, l~ 

and 15 respectively. Maximum apparent remowl of nitrate was 20 per 

cent with the majority of the removals closer to Oto 2 per cent. 

Discussion of Results, ---------
In the case of each of the coagulants, both individually and when 

combined with coagulant aids, no appreciable nitrate•nltrogen was 

removed. The variations reported in the results were generally without 

trend and were not substantiated at the other nitrate.nitrogen concen-

trations. For example, in the aluminum sulfate study: at a nitrate 

level of 10 mg/11 a coagulant dosage of 100 mg/1, a pH of s.o, bentonlte 
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addition of 10 mg/1, the nitrate recovery was 96 per cent; while under 

identical conditions except at a nitrate level of 100 mg/1, the re-

covery was 101 per cent. 

The most significant apparent nitrate recovery (77 to 100 per cent) 

occurred during one run in the activated carbon adsorption study (ni-

trate level of 100 mg/1. pH uncontrolled and activated carbon level 

from 100 to 1000 mg/1). In the identical run at a nitrate level of 

10 mg/1, the recovery was from 99 to 103 per cent. Even within the run 

as the amount of activated carbon added increased, the nitrate recovery 

fluctuated without apparent trend as evidenced by the individual values 

of 100, 77, 82, ao, 90 and 80 per cent. Even remc,va.ls on this order--

assuming they could be dupllcated--are not sufficient for practical 

treatment where economy is a consideration. 

In several cases apparent recoveries were in excess of the ni-

trate added. The maximum recovery reported was 11)9 per cent in the 

case of activated carbon and could have been either a nitrate impurity 

or experimental error. All recoveries reported in the copper sulfate 

study weN in excess of 100 per cent (varying from 101 to 106 per 

cent) which suggested an interference with the nitrate determination. 

In summary, the majority of recoveries from all conditions studied 

varied comparatively little from 100 per cent. The treatment seemed to 

have no effect on the variation of nitrate recoveries and where values 

could be checked, no apparent trend was perceptible. 
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Conclusions: 

The slight amounts of nitrate•nitrogen Nmoval (generally less 

than 10 per cent) and the laclc of a well defined pattem to the data, 

made this area se811'l unpl'Oductive for further research. The amounts 

of chemical.a required, furthermore, made this method econcnically 

infeasible when projected to plant-scale operations. 
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TABLE 3 

RECOVERY OF UITRATE•HITR.OGEN FROM STHTHETIC SOWlI<JfS 
FOLLOWIHG COAGULATION Wiffl AWMINUH SULFATE 

lfitrate•Hitrogen Level • 10.0 ag/1 , 

llua added as Bentonite Actintad Activated 
'1!:03>3• pH Clay carbon Silica as ltO-:t•K Recovered 

~/1 mcr/1 
Si~ ms -11 ' 

5 s.a - - - 9,.8 98 
10 s.a - - - 9.9 99 
25 s.s - - - 9 •. 9 99 
50 s.e - - - 9.9 99 

100 s.a - - - 10.0 100 
500 s.e - - - 9 •. 6 96 

100 ... o -- - - 9.,8 98 
100 s.o - - - 10 •. 0 100 
100 6.0 - - - 10 .. 0 100 
100 7.0 -- - - 10 •. 2 102 
100·· a.o - - - 10 ... 0 100 
100 9.0 - - - 10 .. 0 100 

100 6.0 10 - - 9.,6 96 
100 6.0 25 - - 10.0 100 
100 6.0 50 - - 10.0 100 
100 6.0 100 - - 10.0 100 
l.00 a.o 150 -- - 10.2 102 
100 6.0 250 - - 10.0 100 

100 6.7 - s -- 9.,6 96 
100 6.7 - l.O - 10 .. 0 100 
100 6 •. 7 -- 25 - 10,0 100 
100 6.7 - 50 - 9.,8 98 
100 6.7 - 100 - 9.,6 96 
100 6.7 - 250 - 10 .. 0 100 

100 5.6 - - 15 9,9 99 
100 5.6 - - 20 10 •. 0 100 
100 S.6 - - 25 10.0 100 
100 s._6 - - 35 10.0 100 
100 5.6 - - 50 9.8 98 
100 s.6 - -- 60 9.8 98 
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TABLE 4 

RECOVERY OF HITRATE•NITROGEN FROM SYNTHETIC SOLUTIONS 
FOLLOWING COAGULATION WITH AWMINUM SULFATE 

Nitrate.Nitrogen Level• 100.0 mg/1 

Alum added a1 l3entonite Activated Activated 
Al2(S04)3• pH Clay Carbon Silica as NO-...•N ReCO'Y&Nt~ 

14H20 S102 
mg/1 mtr./1 mt/1 m.2/l fl~./1 ' 

5 5.4 - - - 99 99 
10 s.4 - -- -- 100 100 
25 5.4 - - - 101 101 
50 s.4 -- -- -- 101 101 

100 S.4 -- -- -- 100 100 
500 5.4 -- - - 100 100 

100 4.0 -- -- -- 103 103 
100 s.o - -- -- 99 99 
100 s.o - - - 100 100 
100 ,.o -- - -- 96 96 
100 a .• o - - -- 99 99 
100 9.0 - -- -- 100 100 

100 6.0 10 - - 101 101 
100 6.0 25 - -- 94 94 
100 6.0 50 -- - 99 99 
100 s.o 100 - - 100 100 
100 s.o 150 -- - 100. 100 
100 6.0 250 - - 99 99 

100 6.7 - 5 -- 100 100 
100 6.7 -- 10 - 100 100 
100 6.7 -- 25 - 98 98 
100 6.7 -- 50 -- 101. 101 
100 6.7 -- 100 - 99 99 
100 6.7 -- 250 -- 99 99 

100 s.a - -- 15 1011 104 
100 s.e -- -- 20 102 102 
100 s.a - -- 25 100 100 
100 s.e -- -- 35 101 101 
100 s.a - -- 50 100 100 
100 s.e -- -- 60 95 95 
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TABLE 5 

RECOVERY OF NITRATE•NITROGEN FROM SYNTHETIC SOW?IONS 
FOLLOWING COAGULATION WITH FERRIC SULFATE 

Nitrat••Nitrogen Level• 10.0 mg/1 

Bentonite Activated Activated 
Sulfate as Clay Cebon Silica as H03•N Recovered 
Fe2(S04)3• 

9H20 
pH Si~ 

m2/l tb./1 mg/1 mg/J. mg/1 ' 5 5.6 - - - 9.9 99 
10 s.6 - - - 9.9 99 
25 s.& - -- - 10.1 101 
50 5.6 - - -- 10.0 100 

100 s.& - -- -- 10.0 100 
500 5,6 - - - 9.7 97 

100 4.0 - -· -- 10,0 100 
100 s.o - -- - 10.0 100 
100 6.0 -- -- -- 9.5 95 
100 7.0 -- - - 9.7 97 
100 a.o - -- - 10.1 101 
100 9.0 - -- - 10,4 104 

100 6.3 10 -- - 10.0 100 
100 6,3 25 - - 10.1 101 
100 6 .. 3 50 - - 10.2 102 
100 6.3 100 -- -- 10.0 100 
100 6.3 150 - -- 10.1 101 
100 6,3 250 -- ·- 10.0 100 

100 6.5 - 5 - 9,7 97 
100 6.5 - 10 - 9.7 97 
100 6.5 - 25 -- 10.0 100 
100 6.5 - 50 -- 9.7 97 
100 6.5 - 100 - 9,7 97 
100 6.5 - 250 - 9.,7 97 

100 s •. e - - 15 9 •. 2 92 
100 s.e - - 20 9.2 92 
100 s •. a - -- 25 9 •. 2 92 
100 5.8 - - 35 9.2 92 
100 s.e -- -- 50 9.1 91 
100 s.a - - 60 9.0 90 
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TABLE 6 

RECOVERY OF NITRATE•HITROGEN FROM SYNTHETIC SOW'rIONS 
FOLLOWING COAGULATION WITH FERRIC SULFATE 

Ferric Bentonite Activated Activated 
Sul.fate as pH Clay Carbon Silica as N03•H 
F92(S°")3• S102 

~o 
m«/1 mrt./1 JBJ7./l -~.11 a,z,./1 

. 
5 s.& - - - 100 

10 5.s - - - 1()4 
25 s.s - - - l.00 
50 s .. 6 - - - ~8 

100 5,6 - - - ,a 
500 5.6 - - - 96 

. 
100 4,0 - - - ~6 
100 s,o - - - lQO 
100 6,0 - - -
100 1,0 - - - 1Q2 
100 s,o -- - - 1Q2 
100 9.0 - - - 99 

. 
100 6.3 10 - - 1()3 
100 6,3 25 - - 104 
100 6.3 50 - - 100 
100 6.3 100 - - 99 
100 6.3 150 - - 100 
100 6.3 250 - - !ti 

100 s.s -- 5 - 100 
100 6.5 - 10 - 100 
100 6.5 - 25 - 96 
100 6.5 - 50 - 103 
100 s.s - 100 - 103 
100 6.5 - 250 - 95 

100 5.5 - - 15 97 
100 5.5 - - 20 100 
100 s.s - - 25 98 
100 s.s - - 35 100 
100 s.s - - 50 91 
100 s.5 - - 60 95 

Recovered 

' 
100 
10, 
100 

98 
98 
96 

96 
100 

99 
102 
102 

99 

103 
104 
100 

99 
100 

97 

100 
100 

96 
103 
103 
95 

97 
100 

98 
100 

97 
95 



TABLE 7 

RECOVERY OF fflRA'l'E•NITROGEN FROM SYNTHETIC SOWTIOtfS 
FOLLOWING COAGULATIOH WITH FERRIC CHLORIDE 

KitNlte•Nitrogen Level • 10.0 mg/l 

Ferric Bentoni'te Activa'ted Activated 
Chloride pH Cl.ay carbon Silica as N03•H 
as FeC13 S102 
m2/l mrr/1 ma-/1 mcr/1 mrt./1 

5 &.o -- - 10.0 
10 s.o ·- - - 10.0 
25 6.0 - ..... - 9.8 
50 &.o - - - 9.8 

100 a.o .-- -- -- ·g.,s 
500 6.0 ·- ·- .- 9 .• 6 

100 ... o - - .-- 10.3 
100 s.o -- - - 10 .• 1 
100 &.o - ·- - 10,.0 
100 1.0 ·- - - 10 .. 0 
100 s.o 

' -- - - 10 .• 0 
100 9.0 - - -- 9~8 

100 s.s 10 ... - 9.7 
100 5.6 25 -- ··- 9,.7 
100 5.& 50 -- - 10 .•. 0 
100 5.6 100 - - 9.8 
100 s.s 150 -- - 10.0 
100 5.6 250 - - 10.0 

100 s.o -- s - 9.9 
100 6.0 -- 10 -- 10.0 
100 6.0 -- 25 -- 10.0 
100 6.0 - so - 10.1 
100 6,0 -- 100 -- 10.1 
100 &.o - 250 -- 10.1 

100 s.s - -- 15 10.2 
100 6.5 -- -- 20 10.0 
100 s.s - - 25 10.0 
100 s.s - - 35 10.0 
100 6.5 -- - 50 10.2 
100 s.s - -- 60 9.8 

Recovered 

' 
100 
100 

98 
98 
96 
96 

103 
101 
100 
100 
100 

98 

97 
97 

100 
98 

100 
100 

99 
100 
100 
101 
101 
101 

.102 
100 
100 
100 
102 

98 



Ferric 
Chloride 
as Fecl3 
u./1 

5 
10 
25 
50 

100 
500 

100 
100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
100 

100 
100 
100 
l.00 
100 
100 

100 
100 
100 
100 
100 
100 
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TABLE 8 

RECOVERY OF HITRATE•HITROGEN FROM SYNTHETIC SOWTIONS 
FOLLOWING COAGULATION WITH FERRIC CHLORIDE 

Nitrate.Nitrogen LeYel. = 100.0 mg/1 

Bentonite Activated Activated 
pH Clay carbon Silica as N03•N 

Si~ 
msr,./1 'flSl./1 mg/1 mg/l 

6.0 - - - 98 
6.0 - -- -- 100 
6.0 - - - 100 
6.0 - -- -- 98 
6.0 -- -- -- 98 
s.o -- -- - 96 

.-.o - -- -- 98 
s.o - -- -- 101+ 
6.0 - -- -- 97 
1.0 - -- -- 101 
e.o -- -- - 100 
9.0 - - -- 91J 

s.& 10 -- -- 96 
5.6 25 - - 10~ 
s.s 50 -- - 95 
5.6 100 - -- 103 
s.& 150 -- -- 100 
5.6 250 -- - 100 

s.o -- 5 -- 100 
s.o - 10 - 98 
s.o -- 25 -- 94 
s.o -- so - 96 
s.o -- 100 -- 96 
6.0 - 500 -- 94 

6.5 -- -- 15 100 
s.s -- - 20 98 
6.5 - ·- 25 100 
6.5 -- -- 35 100 
6.5 -- -- 50 98 
6.5 -- -· 60 102 

RecOYered 

' 
98 

100 
100 

98 
~·99 
96 

98 
104 

97 
101 
100 

94 

96 
104 

95 
103 
100 
100 

100 
98 
91t 
96 
96 
94 

100 
98 

100 
100 

98 
102 
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TABLE 9 

RECOVERY OF HITRATE•NITROGEN FROM SYNTHETIC SOWTIONS 
FOLLOWING COAGULATION WI'ffl FERROUS SULFATE 

Bentonite Activated Activated 
Sulfate as pH Clay Carbon Silica as N03•N Recovered 
FeS0,.•7H20 Si~ 
mir/1 rMl./1 mg/l m11./l fflll./1 ' 

5 7.4 -- -- - 10.0 100 
10 1.2 -- -- - 10.0 100 
25 7.4 -- -- - 9.8 98 
so 1.s - - - 10.0 100 

100 1.4 - -- - 10.0 100 
500 7.1 - - - 10.6 106 

100 4.0 - - - 9.6 96 
100 s.o - - -- 10.4 104 
100 6.0 - - - 10.0 100 
100 1.0 -- -- - 9.9 99 
100 e.o - - - 9.9 99 
100 9.0 - - - 10.0 100 

100 7.3 10 - - 10.0 100 
100 1.3 25 -- - 9.8 98 
100 , ... 50 -- - 10., lOIJ 
100 7.5 100 - - 10.2 102 
100 ,.s 150 - - 10.2 102 
100 7.5 250 - - 10.0 100 

100 1.2 - 5 - 10.0 100 
100 7.3 - 10 -- 10.1 101 
100 7.3 - 25 -- 10.1 101 
100 7.3 - 50 -- 10.1 101 
100 7.3 - 100 ... 10.0 100 
100 7.4 - 250 -- 9.9 99 

100 7.1 -- -- 15 9.9 99 
100 7.1 -- - 20 10.1 101 
100 1.1 - - 25 10.1 101 
100 7.1 -- -- 35 10.1 100 
100 7.1 - - 50 9,9 99 
100 ,.1 - - 60 10.0 100 
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TABLE 10 

RECOVERY OF NITRATE•NITROGEN FROM SYNTHETIC SOWTIONS 
FOLLOWING COAGULATION' WITH FERROUS SULFATE 

Nitrate.Nitrogen Level a 100.0 mg/1 

F8l'l'OUS Bentonite Activated Activated 
Sulfate as pH Clay Carbon Silica as N03•N 
FeS04•7H20 . si~ 
ma/1 mrt./1 mall mcr/1 mtt/1 

5 7.4 -- - - 97 
10 7.5 .- -- - 100 
25 7.5 

' -- - - 100 
50 , ... -- - - 96 

100 7.3 --- -- - 96 
500 7.5 -- -- -- 94 

100 4.0 -- - - 100 
100 s.o - -... -- 100 
100 6.0 - - -- 96 

· 100 1.0 ' -- -- -- 98 
100 s.o ·- - - 91 
100 9.0 - -- -- 100 

100 7.2 10 - - 100 
100 7.lf 25 - - 104 
100 7.3 50 -- - 98 
100 7.3 100 - - 104 
100 7.1 150 -- -- 103 
100 7.3 250 -- -- 100 

100 7.1 - 5 - 99 
100 1.2 - 10 - 102 
100 7.1 - 25 - 100 
100 7.3 -- 50 ... 100 
100 7.1 -- 100 - 102 
100 7.3 .... 250 -- 102 

100 1.0 -- -- 15 99 
100 1.0 - - 20 99 
100 1.0 -- - 25 100 
100 7.0 -- -- 35 104 
100 ,.-2 - -- so 100 
100 ,.-1 -- -- 60 97 

... ,,.··· 

Recovered 

\ 

97 
100 
100 

96 
96 
911 

100 
100 

96 
98 
97 

100 

100 
104 

98 
10 .. 
103 
100 

99 
102 
100 
100 
102 
102 

99 
99 

100 
104 
100 

97 
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TABLE 11 

RECOVERY OF NITRATE•NITR0'3EN FROM SYNTHETIC SOLUTIONS 
FOLLOWING Al>SORPTI<m WITH ACTIVATED CARBON 

N03•U Activated N03•N Recovered 
Added pH Carbon 
ma./1 ma./1 m11/l ' 

10 9.0 100 10.2 102 
10 9.0 200 10.3 103 
10 9.0 300 10.0 100 
10 9.0 aioo 9.9 99 
10 9.0 500 9.9 99 
10 9.0 1000 10.0 100 

100 9.2 100 100.0 100 
100 9.2 200 - 77.0 77 
100 9.2 300 82.0 82 
100 9.2 400 so.o 80 
100 9.2 500 oo.o 90 
100 9.2 1000 eo.o 80 

10 -..o 500 10.0 100 
10 s.o 500 9.6 96 
10 6.0 500 9.7 97 
10 ,.o 500 9.6 96 
10 a.o 500 9.7 91 
10 9.0 500 9.6 96 

100 ... o 500 104.0 104 
100 s.o 500 106,0 106 
100 6.0 500 106.0 106 
100 ,.o 500 102.0 102 
100 s.o 500 109.0 109 
100 9.0 500 100.0 100 



TABLE 12 

RECOVERY OF NITRATE•NITROGEN FROM SYNTHETIC SOLUTI<lfS 
FOLLOWING ADSORPTION WITH BEN'TONITE CLAY· 

H03•N Bentonite NOa•N Recovered 
Added . pH Clay 
m.Jt./1 mg/1 mg/1 ' 

10 6.0 50 9.2 92 
10 6.1 100 9.6 96 
10 6.1 200 9.7 97 
10 6.1 300 9.6 96 
10 6.1 500 9.6 96 
10 6.l 1000 9.6 96 

100 6.2 so 10.6 106 
100 6.1 100 10.s 105 
100 6.1 200 10.3 103 
100 6.2 300 10.s 105 
100 6.2 500 10.1 107 
100 6.2 1000 10.e 108 

10 4.0 500 9.7 97 
10 s.o 500 10.0 100 
10 6.0 500 9.9 99 
10 ,.o 500 9.9 99 
10 e.o 500 10.0 100 
10 9.0 500 10.0 100 

100 4.0 500 10.1 101 
100 s.o 500 10.4 104 
100 6.0 500 9.8 98 
100 7.0 500 10.2 102 
100 e.o 500 10.4 104 
100 9.0 500 10.s 105 



TABLE 13 

THE EFFECT OF tum-SODA SOFTENING ON NITRATE•HITROGEN RECOVERY 

Initial Conditions Final Conditicm.11 
HarGDeas Nitrate•N Hardness Nitl'ate•N Recovered 
aa CaC()a aa eac~ 

av../1 JH/1 ma/1 mrt./1 ' 
68 100 &f2 98 98 

1•0 100 51 100 100 
210 100 67 80 80 
280 100 88 92 92 
350 100 65 103 103 



TABLE lll 

RECOVERY OF NITRATE•NITROGEN FROM SYNTHETIC SOLUTIONS 
TREATED WITH CAI.GOH* 

lf03•N Cal.gm N03•K Recovered 
Added pH Added 
lltt./1 msr/1 m2/l ' 
100 ,.a 0 98 98 
100 7.8 1 96 96 
100 , •. 8 2 102 102 
100 7.,8 3 101 101 
100 ,.a 5 102 102 
100 7.,8 25 102 102 

100 ll.:O 25 96 96 
100 s.o 25 92 92 
100 &.o 25 102 102 
100 ,.o 25 103 103 

·100 a.:o 25 100 100 
100 9.,o 25 100 100 

*A proprietary product composed of conclesecl 



N03•lf 
Added 
mo./1 

100 
100 
100 
100 
100 
100 

ll8 

TABLE 15 

EFFECT or COPPER SULFATE TREATMENT 
ON NITRATE•N RECOVERY 

Copper Sulfate N03•N 
pH as CuS04•SH20 

ma./1 1110./l 

.. o.e 101 
5 o.a 101 
6 o.e 105 
7 o.a 103 
8 o.a 106 
9 o.e 105 

RecOYel'ed 

' 
101 
101 
105 
103 
106 
105 
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c. Removal 1?z. Anion ExAA!5e, 

Th• purpose of this phase of the investigation waa to determine 

the feasibility of reducing high n!tl'attunitrogen concentrations by 

anion exchange. The effects of flow rate. nitrate•nitrogen leYel, re-

generant substance• Ngenerat!on leftl and resin type were evaluated. 

The equipment consisted of a laboratory ion exchangtt column and 

the neceasvy apparatus for the nitrate determination. The experi-

mental column is shown in Figure 1•· It consisted of a thick-walled 

glass tube fouzt feet long and apprad.mately one inch in internal 

diamete. The tube contained a tweuty•four inch resin bed (after 

hydration) suppol'ted on a fine mesh screen.;· Due to the comparatively 

reatl'ict!ve celling height and the relatively large capacity recircu-

lation pUlllp available, a liquid ncil'culation syateia was employed 

to feed the column. The necessary val vea, pump, reservoirs• constant-

head devices and a var!able-a,x,ea flew meter, peNitted by pl'Oper 

manipulation of the equipment all those operations cam1on to commercial 

ion exabangera.· Foi- example• dUll.lng the exhaustion cycl• the liquid 

was pumped from the lower resel"Yoir to the constant-head device above 

the column, wbeN a pOZ'tion entered the colUllUl while the remainder 

OYartflowed back to the lower reservoir. Figure 2 illustrates the 
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Pump 
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OPERATING CYCLES 

II. Backwash III. Regeneration 

Distilled 
water 

Lower constant-
head device 

Pump 

Column 

Waste 

Regenerant 
reservoir 

Column 

Rotameter 

Waste 

IV. Rinse 

Lower constant-
head devi e 

Pump 

Upper constant-
head 

ColUJlll 

Rotameter 

FiguN 2. Flow sheet of column operations. 
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sequence of the other column operations performed during this phase 

of the investigation. 

The materials used in the experimental phase were the five anion 

exchange resins described in Table 16 and a few common chemicals 

(e~g• sodium hydroxide). The resins were provided by the manufacturers 

who also provided much helpful technical literature. 

~!mental Procedures 

The experimental procedure involved three operations, preparation 

of the synthetic water employed as the exbaustant1 the operation of 

the column and the performance of the necessar-y analyses of the column 

influent and effluent. 

In order to insure a unifom composition of the exhaustant and to 

approach as closely as possible the chemical balance of a typical 

natural water, the synthetic water employed in the earlier coagulation 

study (Table 21 page 29) was also utilbed in this research phan. 

In any particular run, the required amount of nitrate was added 

volumetrically (from a stock $0lution) to a large reservoir which was 

continuously agitated by a magnetic stirrer. This nitrate solution 

(exhaustant) was then routinely analyzed to insure the col'rect and 

uniform application of nitrate to the resin bed. 

A sieve analysis (see Figure 3) was performed on the resins prior 

to the research phase to insure accurate knowledge of their effective 

size and uniformity coefficients since these attributes profoundly 



TABLE 16 

CHARACTERISTICS OF ANION EXCHANGE RESINS INVESTIGATED 

1. Pel'llutit s-2 Quartenary strong base (styrene) 

2. Anlberlite IR-45 rhm 'Hua Co. Weak base (styrene) I 

3. Ambarlite IRA•400 ohm S Haas Co. Quartenary strong base (styrene)! 

... Amberllte IRA..!ilO !Rohm & Haas Co. I Qw,rtenary strong baae ( I 
arv strong base ,stvrene} 

Density Effective Size Unifol'llity Coef. -

1, 43 to 115 .43 1.46 111.0 

2. 42 ,45 1.40 27.0 

3, 42 ..... 1.43 llf,O 

... .... .48 1.s2 19.0 

~57 I 1.se 
1, In Kilograina as Cal.ciuaa Carbonate per cubic foot of resin. 
2. Typical values extracted from manufacturer's technical data. 

Allowable pH 

0-12 

0-1 

0-12 

0-12 

Q-12 

- 3 

19,6 

2.s 

13,0 

I 20.9 

a. Estiaated values obtained by calculation when resins were regenerated at six pounds per 
cubic foot u!th Sodiuc Hydroxide. 

I 
UI 
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affect nitrate removal eff!cleney. The resins were soaked overnight 

in distilled water in order to prevent subsequ•nt disastrous expansion 

in the glass column. The resins were exhausted by a strong nitrate 

solution and regenerated before any experimental run was made. In 

every case an abnormally high exchange capacity was noted for this 

initi~l runi however, subsequent runs were ~ulte reproducible. 

In this particular experl•ntation, column operation followed 

the norml sequence of exnaustion of the resin, backwash, slow rinse, 

fast rinse and re-exhaustion. The column was exhausted by gravity 

flow of a pcrtion of the recirculating nitrate solution. 

rollowing the exhaustion eycle, the bed was backwashed by pumping 

distilled water upward through the resin. The bed was expanded to 

150 per cent of its original volume. Large agelomerated resin particles 

were separated hydraulically, leaving the bed stratified with each 

resin bead discrete. All entrapped air bubbles were also remoYed by 

the backwashing operation. This cycle prepared the bed for regeneration, 

In order to regenerate the column• the sGlected regenerant was 

passed downward by gravity through the resin bed at a controlled flow 

rate of o.s gallons per cubic foot of resin per minute. Residual re-

generant waE removed by first a slow downward rinee followed by a fast 

downward rinse with distilled water. The slow rinse involved a rate 

of o.s gallons per cubic foot of resin per minute for approximtely 

fifteen minutes. The fast rinse followed similarly, but at a flow rate 

of 1.5 gallons per cubic foot of resin per minute until the pH was 
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appreciably lowered, and/or residual regenerant N1moved. -nte total 

rinse water requirement was approximately 90 ~allcms per cubic foot 

of resin. The bed was now prepared for the next exhaustion•cycle. 

Employing the basic continuous flow-through column operations 

described previously, individual variables were evaluated under 

essentially controlled condi'tlons. The major aspects investigated 

were selection of resin type, effect of regenerant substance, effect 

of flow rate, effect of nitrate influent concentration, and effect 

of regeneration level. 

The initial seriea of runs was made in order to select the 

most pl'OMising resin for the removal of nitrate.nitrogen. 11\e 

five resins were subjected to the same experimental conditions, 

i.e. a flow rate of 2.0 gallons per cubic foot of resin per minute, 

a regeneration level of 6 pounds of sodium hydroxide per cubic foot 

of resin (added as a Ii per cent solution) and an exhaustant nitrate 

concentration of 100 mg/1 cf nitrate.nitrogen. The selection of a 

suitable resin was based upon its adsorption efficiency fol' nitrate 

as evidenced by its exchange c«pacity. 

The evaluation of the effect of regenerant substance on nitrate 

adsorption was accomplished by exposing the resin selected ln the 

initial series (IRA-410) to three types of regenerant: (sodimn carbo-

nate• sodium chloride and sodium hydroxide) under essentially con-

trolled conditions. The conditions of this series of runs were the 

following, flow rate, 2,.0 gallons per cubic foot per minute; 

regenerant concentration, 4 per cent solution; regeneration level, 
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6 pounds per cubic foot; nitrate.n!tro~n level in the exhaustant, 

100 mg/1. 

'nle effect of f1ow rate was investigated at 1.0, 2.0, and 3.0 

gallons per cubic foot cf resin per mimrte. Experimental conditions 

employed were as followsr resin type IRA-410, regeneration at 6 

pounds of sodium hydroxide applied as a 4 per cent solution per cubic 

foot of resin and an exhaustant nitrate.nitrogen level of 100 mg/1. 

Nitrate concentrations in the exhaustant were eV"aluated at 

levels of soo, 100 and 50 mg/1 as nitrognn. This was accomplished 

with IRA..lilO, using a flow rate of 2.0 gallons per cubic foot per 

minute and a regeneration level of 6 pounds of sod11111 hydroxide per 

cubic foot. 

The effect of regeneration level on nitrate :removal employing 

IRA-41O was checked at levels of 2.0, 4.o, s.o, s.o, 12.0 and 18.O 

pounds of sodium hydroxide per cubic foot of resin. The column 

operation conditions for this series of runs were as followst 

flow rate., 2.0 gallons per cubic foot cf resin per minute; regenerant 

concentration., 4 per cent; and an exhaustant concentration of 100 

mg/1 of nitrate.nitrogen. 

The final run on IRA-41O involved opel'ating conditions different 

from those of earlier rurun specific'!lly, a flow rate of 3.o gallons 

per cubic foot per minute. a regenerant level of 10 J)Olfflds per cubic 

foot, exhaustant nitrate.nitrogen concentration of 200 mg/1 and the 

regeneNnt aodiUlll hydroxide (as a - per cent solution). 
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Results: 

Five anion exchange resins• recommended by thl'ee major manu-

facturers for nitrate t'ell!Oval• were investigated as to ion exchange 

efficiency. Typical adso?-ption C1.trves developed under similarly 

controlled column operating conditions are shown in rigure 4 with 

the data presented individually for each run in Tables 17 through 21. 

The range of column operation {length of run) under these 8Xperirnental 

conditions \rarled fl'Om 30 minutes for IR-"'5 to more than six and 

one-half hoUM for IRA-~10. Effluent nitrate<ttlltrc>gen (leakage) 

was less (2 mg/1) for IR~s. whereas t~ leakage fol" the other ~sins 

ilcls about 10 mg/l. 

The second series of runs was inade to detel"ldne the eff~t of 

regenarant substance on the exchange efficiency of ~RA-'1-10. Three 

common anion resin regenerants were employedt sodlwn carbonate• 

socilu111 chloride and sodium hydroxide. Column operating cond!ticms 

were kept as identical as possible. Sodium hydroxide Nsulted in a 

column operation time of more than six and one-half hours with a 

nitrate•nitrogen leakage of 10 mg/1. The use of sodium chloride 

as a regeneNnt produced a break-through (exhaustion) t.t1M of fOUI' 

and one-half hours with an average leakage of about 17 mg/1. The use 

of soc.ti•• carbonate resulted in a break-tbrougt time of slightly more 

than three hours with an aYerage leakage of about 21J mg/1. Tables 21. 

22 and 23 tabulate the results of each adsorption run in 'this series. 

Figure 5 shows the adsorption cunes for this series. 
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The effect of variation in flow rate is shown in Figure 6 with 

the data presented in Tables 21. 24 and 25. The exhaustion time was 

slightly over four hours for a flow rate of three gallons per cubic 

foot of NSin per minute. The column operated effectively for about 

six and on~-half hours at a flow rate of two gallons per cubic foot 

of resin per minute. At a flow z-ate of one gallon per cubic foot 

of resin per minute, exhaustion occurred at about fourteen hours. 

Effluent nitrate.nitrogen varied from about 8 toll mg/1. 

Figure 7 shows the effect of influent concentration on the 

adsorption of nitrate undei• similar column opereting conditions. The 

data are shown in Tables 21, 26 and 27. The breakthrough values were 

about one and one-half hours. seven hours and twelve hours for influent 

nitrate.nitrogen levels of soo, 100 and 50 mg/1 respectively. Leakages 

were about lOper cent of the applied nitrate levels. 

1be adsorption cul"tes for the runs on the effect of variation 

in regeneration level are shown in Figure a. The data for each run can 

be found in Tables 21, 28 9 299 30 9 31 and 32 respectively. A loading 

curYe (regeneration level plotted versus exchange capac.ity) has been 

prepared in Figure 9. 1be adsorption curve for a loading of 2 pounds 

of sodium hydroxide per cubic foot of resin was atypical. as evidenced 

by a decrease in nitNte leakage from approximately 7S to 22 mg/1 

with increased time of column operation. The (lither leakage varied 

from 15 to 2 mg/l of nitrate as the level of regeneration was in-

Cl'eased. Breakthrough times increased from five and one-half hours 

to seven and one-half hours with increased regeneration level. 
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The results of the last !'Ullt which involved operating condi ... 

tions different fl"Om the previous runs• are given in Figure 10 and 

Table 33. The adsorption curve showed a leakage of 4 call of nitrate• 

nitrogen and a breakthrough ttme of three hours. Based upon the 

cumulative results of all experimental runs, an estimated curve was 

made for the conditions involved in this last run which was intended 

to check the reproducibility ot the runs as well as the ease of est!-

milting column performance fo~ a random condition. 

Discussion of P.esults: 
. ----

The fl,-• anion exchange resins studied were of two major typesa 

quartenary strong base and weak base. IR-45 was the only weak base 

resin investigated and based upon its performance, was considered UD• 

suitable for- the l'e11KM11 of nitNte under conditions s!mllar to those 

employed in this reseal'Ch phase. IRA-400 and Dowx-IX appeared to be 

intenediate in exchange efficiency. while Pel'IIIUtlt S-2 and IRA-410 

seemed to be the most desirable resins for nitrate N110Val. Dowex-IX 

should be mentioned as having a larger effeative size (.57 m) than 

the other resins (see Table 16• page 53). This size factor should be 

considered in evaluating the exchange capacities. since the smaller 

size NSins tend to have slightly higher total exchange capacities. 

It is to be emphasized that this series of runs does not represent a 

completely valid comparison of these resins• as other resin charac• 

teristics may preclude the use of IRA-410 oi- Permutit s-2 in favop 

of IRA•400• Dowe~Ix. or possibly IR-.. s. The exchange capacities 
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obtained were for rather rastrictive operating conditions but these 

ccnditions were believed sufficiently typical to permit the selection 

of one resin (IRA-410) for further study. The manufacturers• recom-

mendations should be followed for any peculiar operating conditions. 

The second series of runs·involved the effect of regenerant 

type on the exchange capacity of IRA-410. The reReneration by sodltt111 

hydroxide was slightly more than twice as efficient as sodium carbonate 

in the removal of nitrate due to the more strongly basic character of 

the former. The use of sodium hydroxide as a regenerant produces an 

effluent with a high pH (ll) which might necessitate neutralization 

prior to utilization. Sodium chloride, while intermediate in adsorp-

tion efficiency. may be undesirable for some applications since chlo-

ride ions are released to the water as nitrate is adsorbed. 

The various flow rates had no appreciable effect on the total 

exchange capacity of the resin in the range lnnstlgated. The leakage 

did not reflect any definite tren~ at the particular flow Ntes 

effll)loyed. In a conventional installation9 the flow rate wi~hln the 

range of one to three gallons per cubic foot of resin would essentially 

establish the total exhaustion time for the specific exchanger without 

materially affecting other operating characteristics. 

The effect of influent concentrations varying fl'OID SO to S00 mg/1, 

had little influence on the total oehange capacity of the resin (total 

variation of less than eight per cent). The leakage was about ten per 

cent and therefore,. in the case of the 500 mg/1 influent concentMtlon 

a quite high effluent nitrate.nitrogen value resulted. 
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The various regeneration levels of sodium hydroxide produced ex-

pected results with one exception. In the case of the lowest regenera-

tion level investigated (two pounds per cubic foot) there was ·a reduc-

tion in leakage experienced fl'Offl 75 mg/1 at on..;.half hour to 22 mg/1 at 

three and one-half hours. This anomaly would suggest a partial rep,en-

eration-rinslng operation of the colunn with the result of additional 

nitrate being released with the effluent. This regeneration le•el is 

considerably below recommended values employed in practice and conse-

quently was included in this investigation 111erely to establish a load• 

ing Clll'Ye. The loading cu"e (Figure 9 page 86) prepared fl'OIII 'the re-

generation data, appeared typical and tended to Indicate some Yalidity 

tot.he estimated exchange capacity at the two pound per cubic foot 

level. 

Since the inftStigation was somewhat limited 1n scope, it was 

considered desirable to determine if colum performan~ could be 

projected fl'OIR the experimental data to coad!tlons different from 

those obtaining in the experimental phase. Based upon the previous 

experitnental data• an exchange eapacity was determined fl'OIII the load-

ing cul'Ye, (23.5 1Cgt1./cu. ft.) and a leakage value was selected which 

permitted the construction of an estbnated adsorption CU"8 (see Figure 

10, page 87). The actual adsorption results were very close to that 

estimated (actual total exchange capacity was23.8 K~./cu. ft.). The 

influent concentration• flow rate and regeneration level were valun 

substantially different from the earlier values employed. 



63 

Cnneltud.onsa 

Thta. experimental data contained in this section of the research 

in~Ueate that trtrnnf!lY b.ls!c anion exr.hanec N!slns, r&llf!nerated by 

~oc11mn ~o/('lroxide at modP.r~te !"4g~e~ation leYels a~~ear most desirable 

for- the removal ~f nitrat~.nitrogem in the ranp,es employed. Leakage 

(uncontrollabl~ loss of nttrate~nltropan throuRh the column during 

th"! ~xhaust!on c,cle) ar,y,ea'Md approximately propo!"tlonal to the in-

fluent nitrate concentration. F'low rates should be closely controlled 

fl)t- both re~neNltion and rinse cycles; however., the exhaustion flow 

r~te does not a9pear to be quite as critical tn the normal operatin~ 

ranges et!lployed for commercial exchangers. The total cycle time• it 

·should be emphasized., will be a function of nttrate.nitr~ and other 

nnion concentration in the influent, the flow rate selected• the re-

generant substance• the regeneration level and the resin exchange 

capacity. 

This phase of the investigation was not intendfflt to be a complete 

study of anion exchange in the removal of nitrate.nltro~n, but rather 

an erpl~ratory study to establish the feasibility of the operation. 

The data should serve as a useful addition to existing information and 

as a point of beginning for a more thorough study by other researchers 

interested in this problem. 



TABLE 17 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESIMS 

Sample Number 

l 
2 
3 

Resina IR-45 
Regeneranta 1'\ NaOH 
Regeneration Level: 6.0 ll>s./ c..:.. ft. 
Flow Rates 2.0 gals./cu. ft./min. 
Influent Concentrations 100 mg/1 of Hitrate•Nitrogen 
Initial pHt 7.0 

Time of Column 

o.s 
1.0 
1 

Volume through 

60 
120 
180 

Nitrate.N 

1.4 
68.0 
96 0 

pH 

11.2 
10.7 
10 0 

Estimated Capacityt 2.5 Kgr./cu. ft. 
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TABLE 18 

REMOVAL OF NITMTE•NITROGEN BY ANIOlt EXCHANGE RESINS 

Sample Numbel' 

1 
2 
3 ,. 
5 
6 
7 
8 
9 

Resin: IRA•400 
Regenerants 4% NaOH 
RegeneMtion Levell 6.0 lbs./cu. ft. 
Flow Rates 2 gals./cu. ft.lain. 
Influent Concentrations 100 mg/1 Nitrate•Nltrogen 
Initial pHs 7.o 

Time of ColumD Vol\llle thl'ough N!trate•N 

o.s 60 9.2 
1.0 120 9.0 
1.5 180 9.2 
2.0 240 9.1 2.s 300 9.2 
3.0 360 9.2 
3.5 -.20 8.6 
4.0 a.so 18.0 ... s 540 75.5 

0 

Estimated Capacityc 13.0 l<gr./cu. ft. 

pH 

u., 
11.6 
ll.6 
11.6 
11.6 
11.6 
11.6 
11.6 
9.8 
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TABLE \9 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESINS 

Resin: Dowex l•X 
Regenerant: 4\ NaOH 
Regeneration Level: s.o lbs./cu. ft. 
Flow Rate: 2.0 gals./cu. ft./min. 
Influent Concentration: 100 mg/1 Nitrate•Nitrogen 
Initial pH: 7.1 

Sample Number Thae of Column Volume thNUgh Nitrate.N 

1 o.s 60 12.8 
2 1.0 120 12.6 
3 1.s 180 12.6 .. 2.0 240 12.a 
5 2.5 300 12.2 
6 a.o 360 12.2 
7 3.5 .. 20 12.0 
8 ... o IJ80 12.0 
9 4.5 540 12.0 

10 s.o 600 52.0 
11 5.5 660 95.0 

Estimated Capacitys l&J.s x,.r./eu. ft. 

pH 

11.6 
11.6 
ll.6 
U.6 
11.6 
11.& 
11.3 
11.3 
11.a 
11.2 
10.-. 
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TABLE 20 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESINS 

Resins Pemutit s-2 
Regenerants 41 NaOH 
Regeneration LeYell 6.0 lba./cu. ft. 
Flow Rates 2.0 gals./cu. ft.lain. 
Influent Concentrations 100 mg/1 Nitrate.Nitrogen 
Initial pH1 7 .o 

Effl11an1: 
Sample Number Tille of Column Volume through Nitrate•N pH . ,f --·· - r,.., - ., • le.fl •n/1 

l o.s 60 a.o 11.3 
2 1.0 120 9.2 11.3 
3 1.5 180 9.6 11.4 .. 2.0 21JO 10.5 u ... 
s 2.5 300 10.3 11.11 
6 3.0 360 u.o 11.s 
7 3.5 ,20 10.a u.s 
8 ... o IJSO 10.1 11.s 
9 4.5 SlfO 11.0 u ... 

10 s.o 600 u.o 11.4 u s.s 660 11.0 11.s 
12 6.0 720 10 ... 11.!I 
13 6.5 780 25 ... 11.3 
1 .. 7.0 81t0 97.8 10.8 

Estimated capacity1 19.6 Kgr./cu. ft. 
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TABLE 21 

REMOVAL OF HITRATE•NITROGEH BY MIIOH EXCHANGE RESIHS 

Resina IRA-'tlO 
Ragenerantt .. , NaOH 
Regeneration Levels 6.0 lba./0'1. ft. 
Flow Rates 2.0 gals./cu. ft./m!n. 
Influent Concentrationt 100 mg/1 Nitrate.Nitrogen 
Initial pH: 7.3 

F.-f'fl1 u, mt: 
Sample Number Tillle of Column Volume through Nitrate•N pH 

Onartatfftn-HnuYIR ,.,., ........ _ ... ,..,._/1,_fl .... ,1 

1 o.s 60 10.2 11.6 
2 1.0 120 10.a 11.5 
3 1.5 180 10.6 11.5 .. 2.0 2 .. 0 11.0 11.6 
5 2.s 300 10.2 11.6 
6 s.o 360 10.4 11.6 
7 a.s 420 10.0 11.3 
8 4.0 480 10.0 11.3 
9 ... s 5110 9.8 11.2 

10 s.o 600 9.2 11.2 
11 s.s 660 9.2 11.2 
12 6.0 720 a.a 11.3 
13 6.5 780 9.2 11.3 
14 1.0 840 38.8 11.3 
15 7.5 900 94.0 10.7 
lG e.o 960 102.0 10.1 

Estimated capacitya 21.4 Kgr./cu. ft. 
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TABLE 22 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESINS 

Sample Number 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Resins IRA•&JlO 
Regenerants 4% Na2C03 
Regeneration Irvel: 6.0 lbs,/cu. ft. 
Flow Rates 2.0 gals./cu. ft./min. 
Influent Concentrations 100 mg/1 Nitrate•Nitrogen 
Initi-1 pH1 7.0 

~9.,r, .. 111.nt: 
Time of Column Volume through Nitrate•N 
• ·,..,,..u-•-- 1",1o1----- ~-., .. _,~t: ...... ,1 

o.s 60 25.2 
1.0 120 26.0 
1.s 180 27.6 
2.0 240 29.2 
2.s 300 29.2 
3.0 360 31.0 
3.5 420 IJS.6 
4.0 480 76.0 
4.S 540 84.0 
s.o 600 95.5 

Estimated. Capac!tya e.1 Kgr./cu. ft. 

pH 

s.3 . 
8.2 
a.2 
e.2 
s.1 
8.1 
8 .. 1 
9.&J 
9.9 

10.0 
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TABLE 23 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESINS 

Sample Number 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Reaint IRA•410 
Regene.rants 4\ NaCl 
Regeneration Levelt 6.0 lbs./cu. ft. 
Flow Rates 2.0 gala./cu. ft./min. 
Influent Concentration: 100 mg/1 Nitrate.Nitrogen 
Initial pH: 7.2 

Effluent: 
Time of Column Volume through Nitrate.H 

~• ....... u ........... ,.,. , ____ ,.., .... ,l'!.f! mall 

o.s 60 20.4 
1.0 120 19.8 
1.5 180 18.6 
2.0 240 16.4 
2.s 300 13.8 
3.0 360 13.8 
3.5 420 14.4 
4.0 480 14.8 
4.5 540 14.2 
s.o 600 58.0 
s.s 660 93.0 

Estimated Capacity 13.7 Kgr./cu. ft. 

pH 

8.3 
8.4 
8.4 
s.s a.-. 
a.a. 
8.4 
8.3 
8.1 
e.1 
7.9 
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TABLE 24 

P.EHOVAL or lfITRATE•NITROGEH BY ANION EXCHANGE P.ESIHS 

Resin: IRA-410 
Regenerant: 41 NaOH 
Regeneration Level: 6.0 lhs./cu. ft. 
Flow Rate: 1.0 gals./cu. ft./min. 
Influeiit Concentration: 100 mg/1 Kitrate•Jfitrogen 
Initial pH: 7.0 . 

1:arr.1.uen~ 
Sample Number Time of Column Volume through Hitrate•N 

I -- . ftft•=-· .. ---- rn1 , .. It!.¥ Wlrr/1 

l o.s 30 9.6 
2 1.0 60 9.6 
3 1.s 90 10.8 .. 2.0 120 10 ... 
5 2.5 150 9.? 
6 3.0 180 9.0 
7 3.5 210 a., 
8 4.0 240 8.9 
9 lf.S 270 9.1 

10 s.o 300 a.a 
11 5.5 330 8.9 
12 6.0 360 8.7 
13 6.S 390 8.7 
14 1.0 420 9.0 
15 7.5 llSO 8.9 
16 a.o 480 9.2 
17 s.s 510 a.a 
18 9.0 51f0 9.0 
19 9.5 57C, 8.7 
20 10.0 600 8.9 
21 10.s 630 a.If 
22 11.0 660 a.o 
23 U.5 690 a.o 
2 .. 12.0 720 1., 
25 12.s 750 7.5 
26 13.0 780 7.5 
27 13.5 810 7.7 
28 14.0 81f0 16.0 
29 14.5 87U 40.5 
30 15.0 900 64.0 
31 15.5 930 101.0 

Estiaated Capacity 22.2 Kgr./cu. ft. 

pH 

11.2 
11.3 
u ... 
11.lf 
11.ll 
U.3 
U.3 
11 ... 
11.lf u ... 
11.4 
11.4 u ... 
u ... 
11., 
u ... 
11.4 u ... 
11.4 
11.4 
11.lf 
u ... 
11.4 
11.lf. 
U.4 
11.4 
11 ... 
11.4 
11 ... 
10.9 
10.s 
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TABLE 25 

REMOVAL OF HITRATE•HITROGEN BY ANION EXCHANGE RESINS 

Sample Humber 

l 
2 
3 .. 
5 
6 
7 
8 
9 

10 

Resins IRA-410 
Regenerants 4\ NaOH 
Regeneration Levels &.o lbs./cu. ft. 
Flow Rates 3.0 gala./cu. ft./min. 
Influent Concentration: 100.0 mg/1 Hitrate•Nitrogen 
Initial pHa 1.0 

Effluent 
Time of Column VolWlle through r.itrate.N 
OnMtation-HOUl's l"ft1 1114./cf •a./1 

o.s 90 a.a 
1.0 180 8.8 
1.s 270 8.6 
2.0 360 a.s 
2.s 450 8,4 
3.0 SltO a.2 
s.s 630 a.o 
4.0 720 7.8 
4.5 810 15.5 
s.o 900 103.0 

Estimated Capacity 21.6 Kgr./cu. ft, 

pH 

11.3 
11.4 
11.'4 
11.4 
11 ... 
11.s 
u.s 
11.s 
11.s 
10.9 
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TABLE 26 

REMOVAL OF NITRATE•HITROGEN BY ANION EXCHANGE RESINS 

Sample Number 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
J.9 
20 
21 
22 
23 
24 
25 
26 
27 

Reaint I:RA•lllO 
Regenerantt 4' HaOO 
Regeneration Levels 6 lbs./cu. ft. 
Flow Ratet 2.0 gals./cu. ft./min. 
Inf.luent Concentraticxu 50 rag/1 Hitrate•Nitrogen 
Initial pfft 7 .4 

Effluent 
Time of Column Volume through Nitrat••H . - fon-fft'Jtll"111 c ... 1 ,1a./af 1110' 11 

o.s 60 6.2 
1.0 120 6.2 
1.s 180 6.2 
2.0 240 6.2 
2.s 300 6.2 
3.0 360 6.2 
a.5 420 s.o 
4.0 480 6.0 
4.S 540 5.9 
s.o 600 s.s 
s.s 660 s.a 
s.o 720 5.lt 
s.s 780 5.4 
1.0 840 5.0 
7.5 900 s.1 
e.o 960 s.1 
e.s 1020 4.8 
9.0 1080 ..... 
9.5 l.140 4.0 

10.0 1200 11.0 
10.s 1260 4.0 
11.0 1320 4.0 
u.s 1380 4.1 
12.0 l"O 9.0 
12.s 1500 20.4 
13.0 1560 39.5 
13.5 1620 53.0 

Estimated capacity 22.2 Kgr./cu. ft. 

pH 

u.2 
11.2 
11.2 
11.2 
ll.3 
11.3 
ll.3 
11.3 
ll.3 
11.3 
ll.3 
11.3 
U.3 
U.3 
11.3 
U.3 
ll.3 
ll.2 
11.2 
ll.l 
11.1 
11.1 
u.1. 
11.2 
11.2 
11.1 
10.7 
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TABLE 27 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESINS 

Resins IRA•410 
Regenerants 4\ NaOH 
Regeneration Levels 6 lbs./cu. ft. 
Flow Rates 2 gals./cu. ft./min. 
Influent Concentrations 500 mg/1 Nitl'at41'-Nitrogen 
Initial pHa 7.2 

Effluent 
Sample Numbe Time of Column Volume thl'ough Nitl'ate'•N pH 

Onera-t iffll-HO'"'S "'"'l ·1 s·. ,~f -11 

1 o.s 60 ll2.0 11.3 
2 1.0 120 40.0 11.3 
3 1.5 180 33.5 11.3 .. 2.0 240 175.0 11.3 
5 2.5 300 1110.0 11.s 

Estimated capacity 20.s Kgr./cu. ft. 
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TABLE 28 

REMOVAL OF NITRATE•NITROGEN BY ANION EXaiANGE RESINS 

Resin.a IRA-IJlO 
Regenerant: «.\ NaCli 
Regeneration Level& 2 lbs./cu. ft. 
Flow Rates 2.0 gals./eu. ft./m!n. 
Influent Concentrations 100 mg/1 Nitrate•lfitrogen 
Initial pHs 7.3 

E~~lu,~nt 
Sample Number Time of Column Volume through Nitrate.N . .,__ ... 

""" 1 ·-•O'alS-/of .,..,.,1 

l o.s 60 66.0 
2 1.0 120 ss.o 
3 1.5 180 .. 9.5 .. 2.0 2110 41.5 
5 2.s 300 35.5 
6 3.0 360 32.0 
1 3.5 Jf20 21.0 
8 4.0 ll80 33.0 
9 4.5 SllO 26.0 

10 s.o 600 24.0 
u s.s 660 21.0 
12 6.0 720 83.0 
13 s.s 180 118.0 

Estimated Capacity 13.4 Kgrt./cu. ft. 

pH 

ll.1 u.2 
U.3 
U.3 
11.3 
11.3 
U.3 
U.3 
U.3 
U.3 
u.s 
10.9 
10.3 
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TABLE 29 

REMOVAL OF lfITRATE•HITROGEH BY ANION EXCHAHGB RESIHS 

Sample Number 

1 
2 
3 .. 
5 
6 
7 
8 
9 

10 
11 
12 
13 
lit 

Resins IRA-410 
Regeueranta ai\ Jla<II 
Regeraeration Leftl.1 4 lhs. /cu. ft. 
Flow Rate, 2.0 gals./cu. ft.lain. 
Influent Cmcentrationa 100 rag/1 Ritrate.Hitrogen 
Initial pH1 7elf 

Effl11111 llt 
Tille of Coham Volume thl'ough Nitrate•H 

,.•f -- .-;~• ,,._ J,,.#1 __ ,, . -
o.s 60 15.0 
1.0 120 15.6 1.s 180 15.0 
2.0 240 15.0 
2.s 300 16.6 s.o 360 15.4 
3.5 lf20 15.2 
11.0 480 15.2 ... s 540 13.6 s.o 600 12.a 
5.5 660 13.0 
6.0 720 12 .. 6 
6.5 780 28.5 
1.0 81JO 90.0 

pH 

11.5 
11.s 
u.s 
11.s 
11.s 
11.s 
11.s 
11.s 
11.5 
U.5 
11.5 
u.s 
11.1 
10.9 
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TABLE 30 

REMOVAL OF NITRATE•HITROGEN BY ANION EXCHANGE RESIHS 

Sample H~ 

l 
2 
3 
4 
5 
6 
1 
8 
9 

10 
ll 
12 
13 
14 
15 
16 

Resin: IRA--10 
Regenex-antt 4\ Na.OH 
Regeneration Level, a.o lbs./cu. ft. 
Flow Rate1 2.0 gals./cu. ft.,/min., 
Influent Concentratio1u 100 ag/1 Nitrate•Hitrogen 
Initial. pH: 7 .l 

Effluent 
Time of Column Volume through Nitrate.:N 
an.ration-Hours Column-aals&/cf •a/1 

o.s 60 a .. o 
1.0 120 7 .. 9 
1.5 180 7.9 
2.0 240 1 .. a 
2.:5 300 7 .. 8 
3.0 360 7 .. 6 
3.5 420 7.5 
.... o 480 7 .... 
4.5 540 ,.o 
s .. o 600 1.0 
s.s 660 6 .. 8 
6.0 720 6 .. 6 
6 .. 5 780 6.6 
1.0 840 9 .. 8 
7.5 900 37 .. 5 
8.0 960 109.0 

Estimated Capacity 23.l Kgr./cu. ft. 

pH 

u.s 
ll.:6 
u.s 
11.s 
11 •. s 
11.s 
11.:5 
11,S 
u.s 
11.s 
u.s 
11 .. 5 
u •. s 
11.s 
11 .. 4 
10.6 



78 

TABLE 31 

REMOVAL OF NITRATE•HITROGEN BY AHION EXCHANGE RESINS 

Smlple Number 

1 
2 
3 .. 
5 
6 
1 
8 
9 

10 
u 
12 
13 
llf 
15 
16 
17 

Reaina IRA-410 
Regenerant1 41 laat 
Regenerat!cn Level: 12.0 lba./cu. ft. 
Flow Rate: 2.0 galaJcu. ft-./llin .. 
Influent Concent.rationa 100 mg/1 Hitrate•Hitrogen 
Initial pHi 7.3 

Effluent 
Time of Column Volume tbl'ough Hit.rate•lf 
Onm:-ation-Houra &1 ••·/cf mall. 

o.s 60 & .... 
1.0 120 6-.5 
1.s 180 &.e 
2.0 21l0 & •. s 
2.s 300 6.&a, 
3.0 360 6..2 
3 •. 5 -.20 6.2 
... o -.so 6 .... 
... s 5110 & •. 
5~0 600 & ... 
s.s 660 6.,2 
6.0 720 6 •. 2 
& •. s 780 6._2 
1.0 840 , .... 
7.5 900 20 .... 
a.o 960 84.,0 
8.5 1020 101.0 

Est!mated Capacity 2-..2 Kgr./cu. ft. 

pH 

11 •. 7 
ll .. 7 
.:.i •. 7 
11 .. 1 

u.1 
11.7 
u •. 7 u .. , 
u .. & u.& 
U.6 
U .. 6 
U.6 
u •. 3 
10 •. 9 
10.3 
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TABLE 32 

REMOVAL OF NITRATE•HITROGEK BY ANION EXCHANGE RESINS 

Saple Number 

l 
2 
3 .. 
s 
6 
7 
8 
9 

10 
11 
12 
l3 
lit 
15 
16 
17 

Reaint IRA ..... 10 
Regeaerant1; If.I Naal 
Regen4il'atioa Level:: l8 °lbs • .'/ou, ft. 
Flow Ratet 2.0 gala • ./cu,,. ft .. /min« 
Influent Concentration:- 100 mg/1 Hitrateelritrogen 
Initial pH: 1.lt 

Effluent 
Time of Column Volume through Hitrate •. N 
-· - ---Hl'ltfl'tll Co1umn...aals .. /cf -~11 • 

o.s 60 2.,6 
1.0 120 211l-. 
1 •. s 180 2,8 
2 •. 0 21JO 2"'9 2.s 300 2_,e 
3.;0 360 2,8 
3.5 lt20 2,7 
~.o .. ao 2-.8 
... s 540 2._ .. 
s.o 600 2.,11 
s.s 660 2-.7 
6.-0 720 2-.6 
6~5 780 2~4 
1.0 8110 2,3 
7.5 900 ..... 6 
e.·o 960 49,0 
8.!i 1020 101.0 

Estimated Capacity 25,.6 r.gr._/cu,. ft •. 

pH 

u •. s 
U,6 
ll-.6 
11,6 
u._e 
~6 
U-.6 
U..6 
~6 
11,6 
u •. & 
11,6 
~6 
U,6 
11._6 
u.s 
10.s 
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TABLE 33 

REMOVAL OF NITRATE•NITROGEN BY ANION EXCHANGE RESINS 

Resin:: IRA-410 
Regenerantr 41 HaOH 
Regeneration Levels 10.0 lbs./cu. ft. 
Flow Rate:. 3.0 gals.Jou. ft./min. 
Influent Concentztation: 200 mg/l Nitz.ate•litl'ogen 
Initial pH:. 7.2 

Effluent 
Sample Numbexa Time of Column Volume through Nitrate•lf 

... --- -.~.f .. - r ...... - ... _..,. ... , .. _ /f'!.f- .. ,../1 -
1 o.s 90 9.0 
2 1.0 180 9.,1 
3 1.5 270 s.o 
4 2 • .0 360 e.o 
5 2.s 450 a.1 
6 3.0 540 u.s 
7 3.5 630 82.0 
8 a..o 720 200.0 

Eat.lmated Capacity 23,.8 Kgrt./cu. ft. 

pH 

ll·•~ 
ll.6 
u .. s 
u.s 
ll,.5 
U.5 
ll,.5 
10 .• , 
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D. Hitz.ate Rmaoval a!! Ada;eted Ac1:1nted Slqe 

Al'though lt J.a possible to NmOVe nitrate fNIIII vat.. suppl.lea 01' 

waste waters by anicn exchange, this method does not serve u a means 

of ul:t!ma:te disposal. Neither does micm exchange lend itself vey 

well to the tNatment of high-nitrate waste waters. F• these NUODB 

a study was GODducted to detRlline lf an ad41pted activated sludge 

could be developed which would effectiYely reduce high n1trat••a1trogen 

aono..-tratlons 1n industrial waste waters. AD ul'timate removal was the 

objective of this Naearch phase and not •eNly a conve11aion of the 

nitrogen chemical fOl'lll. 

The !nvest1gat1on was pursued in four Nther distinct phaseas a 

brief feuiblllty study, a study of lmg•tera growth ch&U'actvlstica, 

a a'tll;cty of the effects of certain opeat1ona1 varl.ules on the nitrate 

NIIOY&l, and an attempt to d~tel'laine the ultJmate fate of the NaOYed 

nitrate•n1trogen. Each of tbea• atudiea involved labwatory-acale, 

batch-operated, diffused ail' aeration, activated sludge units. 

Feasibility Study 

The apparatus employed !n this study was siallar to that illus-

trated 1n Figure u. It cmalated of nine me-lite graduated cylin-

ders aa aff&tioll voaaela 9 a pneumatic system, and the necessary 1aho-



Figure U. Typical acti•ated al.llcl&• appm-atua. 
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ratory apparatus for the control analyses. The pneumatic system con-

sisted of a small air compressor with reservoir tank• a bank of needle 

valves. small corborundum diffusers, and the required piping and/or 

rubber tubing. 

The run was initiated by adding approximately 400 milliliters of 

fresh activated sludge• obtained from the plant in Roanoke, to each 

graduated cylinder. The required feed for- each cylil\der was then added 

from refrigerated stock solutions and the cylinders were filled to the 

l•liter mark with distilled water. The solutions were mixed and.the 

aeration commenced. Aeration was maintained as uniform as possible by 

frequent adjustment of the needle valves as well as routine cleaning 

and replacement of individual diffusers. Feedings were made twice 

daily by firstly removing the diffusers and allowing the sludge to 

settle, secondly decanting off the upper two-thirds of the liquid, and 

thirdly adding the feed materials to restore the liter volume. Reaer-

ation of the mixture effected the restoration of the treatment process. 

Control tests were made to detem!ne the reruoval of nitrate.nitrogen as 

well as the characteristics of the sludge. This feasibility study in• 

volved a total aeration period of twelve days. 

Long-Term Studies 

The apparatus employed in this phase of the investigation can be 

seen in Figure 11. A small air pump provided the air. A variable num-

ber of graduated cylinders were used, depending upon the particular run. 

A conventional activated sludge was developed in a large aeNtion 
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vessel from domestic wastes and synthetic sewage. Approxiaately 400 

ldllJ.liters of this activated sludge was added to each-cylinder at the 

beginni~g t>f a Z'Un,. Distilled water •s added with the necessal'J feed 

and the vessel was aeNted. An adaptation period was found desirables 

consequently, from 7 to 10 days were involved in changing fl'O'II a normal 

feedto'the high-nitrate feed •. This change was accomplished by increas-

ing the nitrate teed by 25 per cent and reducing the ayt'lthetic ••wage 

fe•d by a corresponding amount every two days until the activated sludge 

was fed only the desired bigh•nitrate waste. 

· Ira order- to assure uniform wastage ot the s1\liige1 a l)l'OCedure was 

e,nployed during this phase of wasting 200 milliliters of the mixed ac-

tivated sludge J)l'lor to settling the cylinders. The contents of tha 

cylinder-a were Mttled and SUl)el'Mtant liquid decanted to about the 300 

to 400 milliliter mark. The proper amount of feed waa added and the. 

cylindQNJ were mixed and aeration was restored. Each cyllnd..- was fed 

trice daily. Aeration vas maintained as unifom as possible. The total 

aeration period• excluding adaptat!on 1 was approximately forty daya for 

.ach of the aubstudies. Analytical analyses were made as Nquired. 

Effect of Oper-at!onal Variables 

The apparatus for this sequence was adapted ~o each a,,ec1:t'ic va• 

z-iable to be studied. The apparatus employed to determine the effect of 

'temperature can be seen in Figure 13. It consisted of a Nact!on vu• 

sel• a constant temperature water bath. a pneumatic system and the nee-
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essary equipment for the control analyses. The apparatus employed 

to measure the effect of :pH• suspended solids, and nitrate•n!trogen 

level waa similar to the apparatus employed in the long-tem.studles 

except that larger volumes were employed in each cylinder and fewer 

cylinders were used in a given run. 

The temperature affect study involved adapting an activated sludge 

to a given temperature for at least three days. Analyses were mde to 

determine the reduction of nitrate concentration that occurred with 

increased aeration period. 

The effect of suspended solids was determined by adding various 

quantities of the same adapted sludge to each cylinder, followed by 

identical feeding• mixing, and aeration. An attempt was made to main-

tain all conditions other than sludge solids as identical as possible. 

Nitrate•nitrogen residual was measured at tntel"f'als dvlng tt.e aeration 

period. 

The sequence to detel'!lline the effect of reaction on nitrate 

conversion was accotnplished by placing approximately 400 milliliters 

of adapted activated sludge in each cylinder, feeding each an identical 

:feed1 adding a buffer1 mixing. and aerating the sludge. The l)H had to 

be continuously checked and adjusted throughout the run. Nitrate 

residual and aeration time were the variables measured. 
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Closed System Study 

Figures 12 and 13 illustrate the apparatus employed in this study. 

It included a constant-temperature water bath 1 a reaction vessel capa-

ble of maintaining a slightly positive pressur4, a gaseous phase re-

circulation system, a tank of laboratory oxygen, a Fisher Technical Gas 

Analyzer, and other equipment necessary for control analyses. 

An adapted sludge was added to the reaction vessel at the begin-

ning of a run. The sludge was fed, mixed, and the system was flushed 

with oxygen, prior to closing the system and commencing the feed of 

oxygen, recirculated gas spargins was begun and the system closed to 

the atmosphere. Constant surveillance was required to prevent en-

trance of air by maintenance of a slight pressure on the system. 

Samples were remved as tni'requently as possible to prevent upsetting 

the systems equilibrium. The increase in nitrogen gas (inerts) was 

measured with the Fisher Gas Analyzer. 

Results1 

The results reported fN>m the feasibility study can be t-,und in 

Figures 14 through 23 and Tablas 34 through 42 vhich illustrate the 

effect of various carbon-nitrogen ratios in the feed on the mixed liq-

uor suspended solids. Since the nitrogen applied with the feed was fix-

ed at 50 mg/1 1 these data also reflect the variation of feed biochem-

ical oxygen demand (B. o. D.). There was in general an expected in-

crease in mixed liquor suspended solid.a (culture) with increased aer-



FipN 12. A pc,rti,an of the apparatus •ployed ·in the oloa• 

•:rst• ·-~y. 
A- Air pap 

B. React:ioD ... ae.1 

C. SoUda aapl.iJlc aya~-

D. Oxyg• supply line 

E.. Gu NllpUaa ay•t• 

F. Fiaher' gu aalJSR 
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Fipre 13. The apparatus aplo:,ed iA 'the eloeed ayat• study. 

A. All' puap E .. Gu uaplina ayata 

B. RNotiOD YeaHl r. Fiaber 1u analyur 

e. Solid.a ~•pllng ayatea G. Ccnatant .t•pe,Ntm-e 
bca 

D. OXJI• aupply line 
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ThMA not?tble exe~ntf.on~ to this tl"end wet'P.: tl1e cyHnd'lr receiving no 

ca.:rbon in the feed, the cyU.nder rect"iv:tng no nitrfJgen in t'he feed, and 

the cylinder receiving SO mg/1 of nitro~en and 100 mg/1 of carbon 

(ca:rbon-nitr-o~n ratio of 2aJ.) which produced a constant mixed liquo?' 

auspen1ed solids value, There ap:oear-ed to be no d!scernf.hle difference - . 

in the rate of nitrate removn1· in the cyHndl!rs cont~dr,!n~ . both earl)on 

and nttro~en in this phase of th~ inve~tigat!on. 

The data ob'ta!ned from the long-term growth studies are presented 

in Figure 24 and Tablee lf.3 1 46, 47, 48, 49• and so. Table 43 !ll\lS• 

tratee detn conce~ning the effect~ variation of carbon-nitrogen ratio 

at a fixed ca~bon lev~l (B.O.D. level) on the characteristics of the 

adaptcrl activ1:tcd ::ludge. The sludgr. volume index (s.v.I.) varfod 

botween an ahnormally low value of 114- and 156• with the major-!ty of the 

valtte~ below 100 irrHi,ective of the carl,on-n!tro~en ratio. Typical 

eettle~bllit~• datn fot- al!eh cvHnder as well as typical pH varhttion 

' durin!'l a e!ven aer-at!oTl period for one cylinder, a:re alSI!' hcluded !n 

Tai.ble~ lf.~ and 115 respeetively. Fipure 24 vr:i.iphic,"ll.ly !llustratM the 

nitrate re~ve.l. data for thfo study, The effect of' v.tt-1a.tion of car-

bon-ph<>ephorous ratf.o and the e'ffect o! pH adjustment on the gt'Owtb 

characteristics of the sludg~ are g!v'.!n fo Tables lf.6 and 47 resoec• 

'tively. The sludge volume index •alues were 103, 93• 76. 67• ;ind 78 

for carbon•phoa-phorous ratios of 300:l. 20011. 150:1. 10011, and 50:l 

respectively. The data on pH adjua-tment indicated an increase in mixed 

liquor suspended solids of 1690 mg/1 and 4320 mR/1 for the adjusted pH 
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and an increase of 190 mg/1 and 3920 mg/1 for the unadjusted cylinders. 

Sludge volume index values varied from 40 to 113 for the pH adjustment 

study. Tables 48 9 49 and 50 contain data on the effect of carbon 

source• biochemical oxygen demand (B.O.D.) level, and minerals on the 

growth of the adapted activated sludge. The sludge volume index values 

were 65, IP+ and 125 for dextrose, sucrose and methanol as carbon sources 

respectively. Biochemical oxygen demand feed values of 260, 520 1 1040 

and 5200 mg/1 as provided by methanol yielded sludge volume index values 

of 54 1 125 1 108 1 and 170 respectively, The presence of minerals gave 

sludge volume index values of 34 and 51 while the absence of mineral 

additives yielded values for the sludge volume index of 124 and 130. 

The data obtained from the study of the effect of operational 

variables on the nitrate removal are presented tabular~y in Table 51 1 

52, and 53 and graphically in Figures 25 1 26 1 and 27. Table 51 and 

Figure 25 indicate the effect of varying the mixed liquor suspended 

solids on the rate of nitrate conversion when other conditions are sub-

stantially constant. The rate of conversion appears to increase with 

increased culture of suspended solids in the range of 180 to 3050 mg/1. 

The effect of temperature on nitrate removal is presented in Table 52 

and Figure 26. The rates of nitrate conversion peaked at temperatures 

of 25 and 30°C and declined with temperature deviation above or below. 

The effect of pH on the removal of nitrate is shown in Table 53 and 

Figure 27. Percentage removal of nitrate during the four-hour aeration 

period fluctuated without an apparent trend. Actual pH values during 

this run varied substantially since it was extremely difficult to 
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maintain a constant pH in the biological systemio 

Data obtained from the closed system phase of the investigation 

aN giYen in Tables 54 and 55 and Figures 28 and 29, In general, the 

data in Table Sil and Figure 28 illustrate that with a decrease in 

nitl"ate,nitrogen there was a corresponding increase in inert gaseous 

pl'Oducta without a significant increase in ammonia_nitrite 1 or 

organic•nitrogen, Table 55 and Figure 29 present data on chemical-

nitrogen transfOl'lllations during a typical aeration period 9 but are 

not complicated by measurement of gaseous components. 

D1acuss1on of Resultss ---------
The feasibility study was of a limited or exploratory nature and 

was intended to determine if further research would be fruitful. It 

Hl'Ved to indicate that nitrate could in fact be remOYed by an adapted 

activated sludge. but it accomplished materially more by increasing the 

researcher's knowledge of the process and the ancillary analytical pro-

·cedurea. Since the feed of biochemical oxygen demand (B.O.D.) of 

each cylinder varied 9 the results were. generally inconclusive and 

Nflected the B.O.D. level rather than the affect of the nitrate. For 

both economical and operational reasaaa • a minimum carbon lev~! 

(B.O.D. level) is desired which will permit maintenance of an active 

nitrogen removal system on a long-term basis. The data fraa the 

feasibility study suggested carbon-nitrogen levels of 211, 4111 6tl 

and perhaps 811 for futul'e phases of the investigation. 
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' The long•tem growth studies were conducted in order to detel'tlline 

the effect of various nutrients and operating conditions of the growth 

characteristics of an adapted activated sludge. The problem of vari-

able biochemical oxygen demand of the feed wu eliminated by flung the 

carbon level and varying the nitrogen to obtain the necessary carbon• 

nitrogen ratios. The sludge volume index values and general condition 

of the sludge suggest carbon-nitrogen ratios as low as 211 and as high 

as 1211 could be employed. The sludge was dense and .. ttled rapidly. 

The pH variation was :,ot appreciable, but it did suggest the desirabil• 

ity of investigating the possible adjust111ent of pH in future studies. 

One·sludp volume index value (14) was abnormally low for +.his study, 

but most values were in a more normal range of from 80 to 90. 

Christenson et al (9) reported sludge density values of 4 to Sor sludge 

wlume index values of 20 to 25. Mixed liquor suspended solids were 

generally low because of the difficulty of maintaining an optinam growth 

aituaticm in the cylinders. The Nsults fro• the carbon-phosphorus 

study indicated decreased values of the sludge volume index with de• 

creased carbon-phosphorus ratios ranging fl"011 300tl to 15011. Lower 

values of the carbon-phosphorus ratio had no Mterial effect of the 

sludge wlume index. The effect of pH adjustment was 110N obvious in 

the growth of mixed liquor suspended solids than on other growth para• 

•ters. The pH adjuat11ent data indicated the general desirability of 

maintaining a pH value close to 1.0 in order to encovage a good qual-

ity c:ulture. The source of carbon employed (methanol 1 dextrose and 

sucrose) appeaNd to effect the growth characteristica of the sludge 
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comparatively :ittle. The feasibility study employed dextrose and the 

remaining phases utilized methanol as a carbon source. The increase in 

biochemical oxygen demand level of the feed from 260 to 5200 mg/1 had 

the expected effect of increasing sludge growth and decreasing, at 

least in the higher a.o.o. range 1 the sludge density. The use or min• 

eral additives had a rather significant effect on the sustained growth 

and quality of the culture aa evidenced by both the mixed liquor sus-

pended solids and the sludge YOlume index values. 

The results from the investigation of the effect of variation in 

mixed liquor suspended solids were as one might suspect, i.e. the great• 

er the suspended solids the greater the rate of nitrate.nitrogen removal. 

Theioe did appear to be three rather distinct zones of nitrate removal 

at suspended solids concentrations of 180 to 680 mg/1• 1030 to 1840 

mg/1, and 2650 to 3050 mg/1. Christenson et al (9) reported "no essen-

tial difference" in nitrate reT110val and sludge condition among cylinders 

containing 1200, 1700 and 2100 mg/1 mixed liquor suspended solids, but 

they did report a significant difference at a M.L.s.s. value of 600 

mg/1. This apparent incongruity in the effect of M.L.s.s. is believed 

to be due to the difference in nitrate feed levels employed in each in-

vestigation. Christenson had a nitrate teed of 250 mg/1 as nitrogen, 

whereas this research had a level of 40 mg/1 N03.N which would effect 

the quantitative connotation of "no essential difference." 

It is well established that the rates of biochemical reactions 

tend to increase in temperature to some upper limit (generally a little 

above 3S0 c.) at which point a thermal denaturation of the responsible 
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enzyme system is effected• permanently prevonting any further reaction. 

In the lower temperature range at or near f.reoz!ng, the enzyme system 

act!vlty is continually reduced to a point of essentially no activity 

but with less permanent damage to the cm:syme system. The temperature 

tolerance range varies from one microol"ganism to another, and conse• 

q_uently in a heterogeneous culture of several or8an!ams temperature 

range tends to be wider due to the interaction of the included enzyme 

system. Th• effect of temperature on the removal of ,..ttrate reported 

in this research tended to f'ollow this temperature generalization. Th• 

nitrate removal rate increased from a low rate (at th, lowest tem?9r-

ature studies 1 15°C.) to a maximum rate at 30°c., which was foll.owed by 

a reduction in ra:te at 35°c. Thta narrowness of temperature tolerance 

range suggests a relatively few microorganisms are involved in the re-

moval of the nltiiate. Johnson and Schroepfer (15) reported that they 

conaide:red temperature to be very 1111portant in their reaearch. but 

"11mitat1ons on time and resouNSea" pNvented conducting tests at a 

t•~rnture other than 20°c. Ludzack and Ettinger (20) indicated a 

lowering of nit~ate re'IIIO\fal rate from their norm.:al O!)e~atlng range (23 

to 26°C.) to 15°c. and 10°c. The data presented did not perm.lt a valid 

comparison with th• data given in this investigation. but a cursory 

study of th• data available !nd!cated a fairly close agreement betwon 

the two studies. 

The effect of variation in pH on the removal of nitrate was rather 

inconclusive because of the difficulty in u.inta!nln, a constant pH in 

each cylinder during the aeration period. There appeaNd to be no de-
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· f!nf:te tHnd to the nitrate removal rate with change 1D pH. It shoaW 

be •phaaised clarity that two distinct studies have been aade en 

the effect of reaction 1n the adapted act1Yated sludge, on• was the 

effect of pH CD the growth and quality of the sludge anr an extended 

pe1ocl of t!me,.whereaa the other was an attempt to elucidate the 

feulbllity of local or tetllpOl'aPJ pH adjustaent at sou point 1D the 

plant to 1nereue the NIIOYal. of nitl'ate at that pal't!culal' point 1D 

the operatleo •. 

Although it was well established that n!tl'ate•a!t,,ogen vaa remcmkl 

&om the liquid phase by an adapted activated sludge, it was not known 

whether thia nitrate was evolved aa a gaa OJ:' became so tightly bound 

1n cell materials that the ordinary 1C:Jeldah1 det411"111nat1on fallec.l to 

NJ.ease it. In an attempt to elucidate thie facet of 'the problelll 1 a 

closed-system atady was conducted and an attempt vaa made to establish 

a nitl'Oga balance. Ia the cloaed-ayatem study, typical data indicated 

an JnCNeae 1n gaseous J.nata without a a1gn!f1cant accuaulation of 

uamia, nitrite oi- orga:aic•nitl'ogen. Tba loaa of YOlume due to 

eaapl1Dg during the run preftnted eatabllah!ng a definite nitl'ogen 

balace in tb!a study. The acaumulatim of gaaeoua inerts stroqly 

.lnd!catu that the n1oat••nitrogeu puses off without a build-up in 

cell atNotuN. Typical altl'ogen data obtdned solely frcn the liquid 

phase J.ndicates that a uet loea of n!trate•nltrogea oceul'Nd without 

a iDCNUe in anmia, nitrite, OJI' Ol'gan!c•nitroga. There was only 

a one pff cen"t .lnerease 1n suspended solids dm-!ng thia run. The Ncent 

(Avguat 196'-) work of Johnson and Sbroepfe.r (1S) suppal'ts the conclusion 
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that nitrate is reduced to nitrogen gas which then escapes to the atmos-

phere permanently removing the nitrogen from the system. They (Johnson 

and Shroepfer) further state that no evidence was found of nitrous oxide 

(N20) or nitric oxide (NO), which are sometimes mentioned as products 

ot denitrification. 

Conclusions, 

Based upon the research reported on the removal of nitrate.nitro-

gen by an adapted activated sludge, the following conclusions are 

presented.a 

1. Nitrate can be permanently removed from biologically assimi-

lable waste water. 

2. The adapt~d activated sludge can be grown over an extended 

p~riud without apparent loss of nitrate removal efficiency. 

3. The carbon-nitrogen ratio suggested ls 3&1. 

4. The carbon-phosphorus ratio recommended is 15011. 

s. Minerals are definitely necessary for good long-term growth of 

the activated sludge, but ln many cases they will be inherently 

present in the waste. 

6. The pH should be maintained at close to a pH of 7.0 in order 

to develop and sustain a good active culture, but in most of 

the research where all essential chemical elements were either 

present o,. added• no adjustment was required. 

7. Mixed liquor suspended solids should be maintained in the 

range of from 2000 to 3000 mg/1. 



lOlf 

a. The temperature data suggest an acceptable operating range of 

from 20 to 3o0 c. The nitrate removal process becomes less 

efficient at both 15 and 3S0 c. 
9. Due to th• high density of the sludge produced, greater agita• 

tion will be necessary to keep the culture suspended than in 

a typical activated sludge plant. 

10. The nitrat••nitN>gen appears to be Nleased in the form of an 

inert gase<>Ua component (very probably nitrogen gas) from the 

adapted activated sludge. 

,. 
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TABLE 31f. 

TH& EFFECT OF FEED COMPOSITION ON THE 
MIXED LIQUOR SUSPENDED SOLIDS OF 

CYLINDER NUMBER 1 

Aeration Period, Total Number Mixed Linuor Susft•ftded Soll&. 
lblVII 

0 

2 

4 

6 

8 

10 

12 

of Feedin- ma-11 

0 1450 

4 1160 

8 700 

12 320 

16 21f.O 

20 uo 
24 40 

CompoaitJon of the Feeds 

Dextrose•Carbon 
Nitrate•Nitrogeu 
Phoaphorua 
Mineral.st 

lfgS04•7H2() 
CaCl~ 
r.e13•&H2o 

mg/l 
0 

50 
10 

23 
28 

o.a 

I Chancre 

0 

-20 

-52 

-78 

-81f 

.93 

-97 
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TABLE 35 

THE EFFECT OF FEED COMPOSITIOM ON THE 
MIXED LIQUOR SUSPENDED SOLIDS OF 

CYLIHJ)ER NUMBER 2 

Aeration Pe:r1od, Total Number Mixed LittllOl' 
Dava of Feedinsra 111r/l 

0 0 1570 

2 4 1640 

4 8 1510 

6 12 1520 

8 16 1530 

10 20 1520 

12 24 1440 

Composition of the Feeda 

Hg/1 
Dextroae•Carbon 100 
Wltrate•Nitrogen 50 
PboaphONS 10 
Mineral.a, 

MgS0 .. •7H20 23 
cac12 2a 
FeCl3•6H20 0.3 

S .. •-••d•d s-1 .t A .. 

I Chanoe 

0 

. 

-4 

•3 

. -2 

-3 

-a 
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TABLE 36 

THE EFFECT or FEED COMPOSITION ON THE 
MIXED LIQUOR SUSPENDED SOLIDS or 

CYLINDER NUMBER 3 

Aeration Period• Total Numbei- Mixed Liouor Susnanded. Solids 
Dava of Feed.inn •rr./1 I Chan2e 

0 0 1320 0 

2 4 1490 +13 

4 8 1630 +23 

6 12 1790 +35 

8 16 2000 

10 20 2210 +65 

12 24 2240 

Composition of the Feeds 

Mg/1 
DextrcMu~ •Carbon 200 
Ni'b:'ate•Nitl'Ogen 50 
Phoapbowa 10 
Minerals, 

MgS0~•7R20 23 
CaCl2. 28 
FeCl3•6H20 0~3 
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TABLE 37 

THE EFFECT OF FEED COMPOSITION OH mt 
MIXED LIQUOR SUSPENDED SOLIDS or 

CYLINDER NUMBER 4 

Aeration Period, Total Number Mixed LiQ\101' SuaNnded Solids 
Dan of Feedinn Dtlf./1 I Chan 

0 0 1760 0 

2 If. 1960 +11 

4 8 2170 +23 

6 12 2.-.so 

8 16 2620 

10 20 2760 

12 24 2880 

Coaposition of the Feedt 

Kg/1 
Dextroae~Carbon 300 
Nitrate~Nltrogen 50 
PhoaphoNs 10 
Minerals, 

MgS04•7H20 23 
eac12 2a 
FeCl3•6H20 0.3 
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TABLE 38 

THE EFFECT OF FEED COMPOSITION·ON THE 
MIXED LIQUOR SUSPEND£» SOLIDS OF 

CYLINDER NUMBER 5 

Aeration Period1 Total Number Mixed Liquor Susnended Solidi 
Dav• 

0 

2 

4 

6 

8 

10 

12 

of reedJ.nn 

0 

.. 
8 

l2 

16 

20 

24 

Composition of the Feeds 

Dextrose;.Carbon 
Nitrate~Ritrogen 
Phoaphol"US 
Minerals• 

KgSO4~1H2O 
CaCl2, 
FeC13•6H20 

me/1 

1390 

1680 

1920 

2080 

2220 

2610 

3000 

Mg/1 
400 

50 
10 

23 
20 

0;3 

I Charur• 

0 

+88 

+ll6 
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TABLE 39 

ntt tl'FECT OF FEED COMPOSITION ON THE 
MIXED LIQUOR SUSPENDED SOLIDS OF 

CYLINDtR NUMBER 6 

Aera'tion Pe~iod• Total l1wnber Mixed LiQUOl' Suspended SOllda 
Dave of Feedings mg/l t Change 

0 0 1400 0 

2 4 1720 +23 

4 8 2080 +&J8 

6 12 2400 +72 

8 16 2750 

1n 20 2990 

12 24 3210 

Composition of the Feeds 

Mg/1 
Dext'l:'OSe•Carbon 500 
Nitrate•Nitrogen 50 
Phoephows 10 
Minerals• 

MgS04•7H20 23 
cac12 , 2a 
FeCl:,•6M20 0 .. 3 
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TABLE IJO 

THE EFFECT OF fEEI) COMPOSITIOH ON THE 
MIXED LIQUOR SUSPENDED SOLIDS OF 

CYLINDER HUMBER 7 

Aeration .Period• Total HUfflber Mixed. L1ouor Susnanded Solids 
Dava of Feed!nn ..,.,1 'Chan•• 

0 0 1780 0 

2 ... 2230 

4 8 2720 +53 

6 12 3170 

8 16 3700 +108 

10 20 3830 +115 

12 211 3980 +123 

Composition of the Feeds 

Hg/1 
DextllOae~carbon 600 
M!tNte•Witrogen 50 
PhoapboNS 10 
Minerals•, 

M1SOi.•ffl20 23 
eac~ 2a 
FeCls•6H,O o.3 



Aeration Period1 
Daya 

0 

2 

4 

6 

8 

10 

12 

112 

TABLE 41 

THE EFFECT OF FEED COMPOSITION ON THE 
KIXI:D LIQUOR SUSPENDED SOLIDS OF 

CYLINDER !WMBER 8 

Total Number Mix•d Liauor Sua!Mlnded Solids 
of Feed.ind mg/1 t Cbanft 

0 1950 0 

4 2230 +14 

8 2520 +29 

12 2960 +52 

16 3170 +63 

20 3130 

24 3100 +59 

Composition of the Feeds 

Mg/1 
Dextrose•Carbon 700 
Nitrate•NitNgen 50 
Phosphorus 10 
Mlnerala 1 

MgS04•1H20 23 
CaC12 28 
FeCl3•6H2o o.s 



Aeration Period, 
Days 

0 

2 

... 
6 

8 

10 

12 

113 

TABLE 42 

THE EFFECT or FEED COMPOSITIO?f OU THE 
MIXED LIQUOR SUSPENDED SOLit>S OF 

CYLinDER NUMBER 9 

Total Number Mixed tiquo?' Suspended Solids 
of Feedings tn1t/l t Change 

0 2050 0 

If .2010 -2 

8 1960 -4 

12 1550 -2~ 

16 1160 ,•'+3 

20 950 .. 54 

24 740 -64 

Composition of the Feedr 

Mg/1 
Dextrose•Carbon 500 
Nitrate~N!trogen O 
Phospbol"US 10 
Miner.is• 

MgS04•1H20 23 
CaCl2 28 
FeCl3~6H20 0~3 



TABLE 43 

THE EFFECT OF VARIATION OF FEED CARBON-NITROGEN RATIO OH THE 
LONG-TERM CONDITION OF A NITRAT& ADAPTED ACTIVATED SLUDGE 

Cylinder Nitrate.N Carbon- Ult-{111.1te t'"..nndi~fnn of t-na A~'C; • ..» c:!1 .. .1--
Number Added per Nitrogen .. Mi•-' Y.4-•--

Feed •• ma/1 Ratio DH ss COD BOD ss Settleabllltv SVI 

1 0 --- 1.0 so ,80 so 384 60 156 
2 so .. o 2 to 1 7.2 20 50 30 750 70 93 
3 25,.0 4 to 1 7,.2 170 50 80 520 50 96 
4 20.0 5 to l 7.2 10 40 30 475 50. 105 
5 16.7 6 to 1 7.2 40 50 20 610 70 115 
6 14.3 7 to 1 7.3 90 20 40 1420 20 14 
7 12.s 8 to 1 1.2 70 30 4-0 550 50 91 
8 10.0 10 to 1 7.4 100 30 40 780 60 77 
9 8.3 12 to l 7.3 60 30 50 515 50 97 

10 so.a - 6.9 30 10 10 110 - --
Notesi 

l. The total aeration period was forty-seven days including seven days for adaptation. 
2. Methanol.C was added at a rate of 100 mg/1 per fa.ding for cylinders l through 9. 

The resulting B.O.D. was about 260 ntg/l per feeding. No carbon was added to 
cylinder 10 after the ada~ation period. 

3. The source of nitrate was sodium nitrate. 
-.. Phosphorus •s provided by potassium dihydrogen phosphate at a rate of 0.65 mg/1 

per feeding. The resultant caz-bon phosphorus ratio was approximately 150 to l. 
s. The more common mineral additives were provided by adding 23 mg/1 of MgS04•7H2o. 

28 mg/1 of CaC129 and o.3 sg/1 of FeC13•6~0 per feeding. 
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TABLE 44 

TYPICAL NITRATE ADAPTED ACTIVATED SLUDGE SEn'LEABILITY DATA* 

Settling 
Period• 
Minutes 

5 

10 

15 

20 

25 

30 

\.Vl1ndel" Nwar:>Gr 
l 2 3 .. s 6 7 

85 ~o 45 55 45 50 10 

90 50 65 60 50 55 70 

90 50 10 60 50 55 70 

95 50 70 60 55 60 75 

95 50 70 60 55 65 75 

90 50 ,10 60 55 65 70 

*Data presented as number or ndllil!tens of solids 
settling in a 1-Uter graduated cylinder during 
various incremeata of time. 

This data was obtained immediately following the 
long-term growth study on the effect of the feed 
carbon-nitrogen ratio on the nitrate adapted 
activated sludge. 

8 

70 

75 

75 

15 

75 

75 

g 

60 

65 

65 

65 

60 

60 
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TABLE 45 

TYPICAL VARIATION or HYDROGEN ION CENCENTRATION OF THE 
NITRATE ADAPTED ACnVATED SLUDGE* 

Time Total elapsed pH Relationship to 
Aeration PePiod, Feeding Operation 

hOUNI 

9100AM 0 1.1 Immediately after AM 
Feeding 

llsOOAM 2 6.,9 

l100PM 4 7.2 

3aOOPM 6 ,.a Before PM Feeding 

8t00AM 23 1.2 Before Second AM Feeding 

*Data obtained from Cylinder Nwnber 5 subsequent 
to the long-term growth study on the effect of 
feed carbon-nitrogen ratio on the nitrate adapted 
activated sludge. 



Cylinder 
Number 

1 
2 
3 
4 
s 
6 

TABLE 46 

THE EFFECT 0~ VARIATION OF FEED CARBON-PHOSPHORUS RATIO ON THE 
LONG-TERM CONDITION OF A NITRATE ADAPTED ACTIVATED SLUDGE 

. - . -

0 - 6.4 20 510 260 320(930)* 10 
o.4 300 to 1 s.s 20 20 10 880(680) 90 
o.s 200 to l s.s 10 40 10 1080(900) 100 
o.e 150 to 1 6.8 10 40 20 1050(870) 80 
1.2 100 to 1 s.e 10 50 10 890(890) 60 
2.4 50 to 1 6.8 12 20 10 1030(850) 80 

"Parentheses indicate the condition of the sludge at the beginning of this study. 

Notes: 

SVI 

30(108)6 
103(163) 

93(111) 
76(114) 
67(112) 
78(117) 

1. The total aeration period was forty-eight days including ten days for adaptation. 
2. Methanol•C was added at a rate of 120 mg/1 per feeding for each cylinder. 
3. Nitrate•N was added at the rate of 20 mg/1 per feeding by use of sodium nitrate. 
4. The phosphorus source was potassium dihydrogen phosphate. 
s. The more common mineral additives were provided by adding 23 mg/1 of MgS04•7H2o. 

28,ng/1 of cac12, and 0.3 mg/1 ree13.6H2o per feeding. 
6. The approximate B.o.D. of the feed was about 310 mg/1. 

... 
ti 



TABLE 47 

THE EFFECT or THE ADJUSTMENT OF HYDROGEN ION CONCENTRATION ON THE 
LONG-TERM CONDITION OF A NITRATE ADAPTED ACTIVATED SWOOE 

Cylinder rnfluent Feed Ultimate Condition of the Activated Sludae 
Number (t H p "•'IT·r•-.,. su..-rnatant Mixed Liauor 

mu_/1 'fflll/1 Wlf!/1 mls. nH ss COD BOD ss Settleabilitv SVI 

l 120 20 1 20 6.8 10 80 10 2370(680)* 270 113(147 

2 120 20 l 0 6.4 20 50 10 138'>(1190) 100 73(84) 

3 240 40 2 20 7.ll- 30 60 10 6050(1730) 480 71(91) 

4 240 40 2 0 1.0 30 120 60 5830(1910) 235 40(94) 

*Parentheses indicate the condition of the sludge at the beginning of this study. 

Notes: 

1. The total aeration period was forty-eight days including ten days for adaptation. 
2. Methanol was the carbon source, sodiUJII nitrate was the nitrogen S"-Urce, and potassium 

dihydrogen phosphate was the phosphorus source. The buffer was the standard B.o.n. 
dilution water buffer. 

3. The feed B.O.D. values were about 310 mg/1 for cylinders 1 and 2 and w~re about 
620 mg/1 for cylinders 3 and 4. 

4. The more common mineral additives were provided by adding 23 mg/1 of MgS04•7H2o 
28 mg/1 of Cac12, and o.3 mg/1 of FeC13•6H2o per feoding. 

I:: 
CD 



Cylinder 
Number 

1 

2 

3 

Moteat 

TABU: 48 

THE EFFECT OF VARIATION IN FEED CARBON SOURCE ON THE LONG-TERM 
CONDmON OF A NITRATE ADAPTED ACTIVATED SLUDGE 

Influent Feed Ultimate Condition 0¥ the a~tivated SludnA 
carbon N p Sunernatant M'-d r . .f -··--

Source fflf!./1 m2/l lma/1 t>H ss COD BOD ss Set'.'tl•sbi 1 11-v 

Dextrose 300 50 3.0 6.8 130 60 110 2320 150 

Sucrose 300 50 3.0 1.2 120 20 80 5200 230 

Methanol 300 so 3.0 7.8 200 150 50 2880 360 

!C:VT 

65 

44 

125 

1. The total aeration period was forty-five days including seven days for adaptation. 
2. The nitrogen source was sodium nitrate and the phosphorus source was potassium 

dihydrogen phosphate. 
3. The more common ndneral additives were provided by adding 23 mg/1 of MgS0~•7H2o. 

28 mg/1 of caci2• and 0.3 mg/1 of FeCia•6H2o per feeding. 

= '° 



Cylinder 
Humber 

l 

2 

3 

4 

Rotes: 

TABLE 119 

THE EFFECT OF VARIATION IN FEED CARBON LEVEL ON THE LONG-TERM 
CONDITION OF A NITRATE ADAPTED ACTIVATED SLUDGE 

Influent Feed Ult111ate Condition of the Activated Slud_. 
C N p SuNtmatant Mixed L!ouor 

mall moll mall nH ss COD BOD ss Settleabilitv 

150 25 1.s 7.3 140 20 15 1300 70 

300 so 3.0 7.8 200 150 so 2880 360 

600 100 s·.o 8.4 150 380 110 8310 900 

3000 500 30.0 a.a - 1920 700 4360 740 

SVI 

54 

125 

108 

170 

1. The total aeration pel'iod ws fol'ty-f!ve days including seven days for adaptation. 
2. Methanol was the carbon source• sodium nitrate waa the nitrogen source. and potassium 

d1hydrogen phosphate was the phosphorus source. 
3. The more COffllDOll mineral additives were provided by adding 23 mg/1 of MgS04•7H20• 

28 mg/1 of eaci,, and 0.3 mg/1 of FeCl3 •&H2o per feeding. 

t; 
0 



TABLE 50 

THE EFFECT OF THE PRESENCE or MINERALS IN THE FEED ON THE LONG-TERM 
CONDITION OF A NITRATE ADAPTED ACTIVATED SWDGE 

Cylinder Influent Feed Ultimate Condition of the Activated Sludoa 
Number C N p Minerals Su .. ant Mi'lfAtl Lin11ft.,. 

ww./1 rtr1./l '/Art/1 nH ss COD BOD ss Settleab!litv 

1 150 25 1..s Yes 7.2 130 50 30 2080 70 

2 150 25 1.s No 6.9 190 20 30 400 50 

3 300 50 a.o Yes 7.9 160 90 100 3700 190 

4 300 50 3.0 No 7.1 140 120 160 780 100 

No'tess 

1. The total aeration period was forty-five days including seven days for adaptation. 
2. Methanol llils the carbon source. sodlwn nitrate was the nitrogen source. and 

potassiwa dihydrogen phosphate was the phosphol"lls source. 
3. The ainerals added were 23 mg/1 of Mgso4•7H2o. 28 mg/1 of cac12• and o.3 mg/1 of 

FeC13•6H20 per f.eding for cylinder nwaber land twice this amount of the same 
111ineNls for- cylinder number 3 per feeding. 

SVI 

34 

121t 

51 

130 
t; ... 
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TABLE 51 

THE EFFECT or MIXE:n LIQUOR SUSPENDED SOLIDS OM 'i'HF. 
PERCENTAGE REMOVAL or NITRATE•NITROGEN 

Aeration Averaae Mixed L!ouor Suananded Solids. msi:/1. Period, .. 180 680 1030 1~40 1550 1840 26S0 3050 nou-..,.. 

2 5 -3 12 20 25 19 21 27 

4 8 10 25 26 36 3S 45 57 

6 10 17 34 34 48 50 67 72 

8 13 25 46 50 63 54 85 90 

Composition of reedr 

Methano1.,c 120 
Nitrate.,M 'tO 
Phosphoru!I 1 •. 2 
Minerals, 

MgS04.,7H20 23 
CaCl2 28 
FeC13.6H2o 0.3 
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TABLE 52 

THE EFFECT OF TEMPERATURE ON THE PERCENTAGE REMOVAL OF NITRATE• 
NITROGEN BY AN ADAPTED ACTIVATED SLUDGE 

Aeration 
Period1 15 

HftU!"II 

1 4 

2 13 

3 15 

5 24 

6 20 

Activated Slud«e Tenme~ature. 0 c. 
20 25 

18 20 

ll2 39 

59 61 

82 92 

97 100 

Composition of the Feeds 

Methanol.C 
Nitrate•N 
Phosphorus 
Minenls, 

MgS04.7H20 
CaCl2 
FeCl3.6H2o 

mg/1 
120 

40 
1.2 

23 
28 

o.3 

30 

26 

ll8 

63 

99 

100 

35 

12 

18 

43 

72 

82 
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1.0 

a.o 
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TABLE 53 

THE EFFECT or HYDROGEN ION CONCENTRATION ON NITRATE• 
NITROGEN REMOVAL B'l AN ADAPTED ACTIVATED SWDGE 

AFTER FOUR HOURS or AERATION 

s.s 
6.S 

6.8 

a.s 

Composition of Feed& 

10 

17 

4 

5 

1 

ma/1' 
Methanol•C 120 
Nltrate•N 40 
Phosphorus 1.2 
Minerals, 

MgS04.7H20 23 
cac12 20 
FeCl3.6H20 o.3 

25 

42 

10 

13 

17 
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TABLE 54 

TYPICAL DATA FROM THE FATE or NITROGEN EXPERIMENT 

Aeration Period hours 
Comt)Ollent 0 2 4 6 8 

NitN>ge1'1t mg/1 
A1D1110nia 0.2 0.1 0,4 0.4 o.s 
Nitrite 2 l 4 2 4 
Nitrate 38 14 12 11 10 
Organic 225 - 117 - 88 

Total ~M.~ - 133.ii - X6~.! - -
Gaseous inerts, 

per cent 11,6 - 65 - 75 

Solids• mg/1 
vouitle 2400 - - - 950 
Fixed 440 - - - 265 

Total ,rJtm" - - - Im" - - -Suspended 2250 

Settleability, ml.a. 120 

Sludge volume index 53 

Significant Component 

Nitrate•N 
Organic•N 
Total•N 
Gaseous inerts 
Total solids 
Volatile solids 
Fixtsd solids 
Suspended solids 
Gaseous oxygen 

-
-.. 

- -
- -
- -

Total Change, Per Cent 

-'15 
-61 
-62 
+61 
.. 57 
•61 
.a.o 
-6!:> 
.. 42 

Composition of Feedt 

Methanol•C 
Nitrata•N 
Phosphorus 
Minerals 

MgS04•7H20 
CaC12 
FeCl3•6H2o 

mg/1 
120 

40 
1.2 

23 
28 

0.3 

790 

50 

63 
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TABLE 55 

TYPICAL LIQUID PHASE NITROGEN DATA FROM THE 
FATE OF NITROGEN EXPERIMENT 

Nitrogen COlllJ)OMnt. Aeration Period. hours 
moll 0 2 4 6 

Nitrate 37.5 32.0 22.0 13.0 

Nitrite 1.3 - 0 .. 
A1111110nia 0.1 - o.4 -
Ol'ganic 221.e - - -

Total 261.3 - - -
Mixed liquor 

swapended solids 
mg/1 2635 - 2670 -

Per Cent Change in Major Components 

,.s 
6.0 

0 

o.4 
212.2 

218.6 

2710 

Coaponent 

Nitrate 
Organic 
Total 

Pel' Cent Change 

Mixed lictuor 
suspended solids 

Composition of Feedt 

Methanol•C 
Nitrate•N 
Phosphorus 
Mineralst 

MgSOq.•7H20 
CaC12 
FeC13•6H20 

23 
28 
o.3 

3 
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IV. DEVELOPMENT or DESIGN CRITERIA FOR A NITRATE ADAPTED 

ACTIVATED SLUDGE UNIT 

In order to-control the operation of an adapted activated sludge 

unit for the purpose of removing nitrate.nitrogen, the following fac-

tors must be consideredt (a) nitrate.nitrogen loadi.ng, (b) mixed liq-

uor suspended solids (c) temperature (d) oxygen supply (e) size, con-

figuration and arrangement of units~ and (f) the pneumatic and hydrau-

lic appurterumc•s. 

Based upon the data obtained from the previous experimental phase 

as well as the related work of others, an attempt has been made to de-

velop deaigft criteria which will facilitate the design of nitrate re-

ducing reactorL on a more rational basis. Recommendations relative to 

oxygen supply, size• configuration• arrangement, pneumatic and hydrau• 

lie appurtenances are largely based upon existing design criteria for 

conventional activated sludge units; b~t, where pertinent', modifications 

are recommended based upon experience obtained through research with the 

adapted activated sludge system. 

Nitrat&•Nitrogen Loadings 

In the activated sludge process it is common practice to express 

implied loads rationally in terms of weight of material (usually 

e. o. D.) applied per day (y) per 1000 pounds of suspended solids (W) 

per hour of aeration (t}. The suspended solids para111eter (W) does not 

accurately measure the area of active biological surface available for 
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purification• but it is one of the best measves readily anilable to 

the designer. Thia approach to loading intensity appears equally valid 

for an adapted activated sludge system for the removal of nitrate •. 

Wheres 

Loading intensity (i) = lbs •. of N03•N per day (ye) 
1600 ihs. ol suspenaea soilds < 5 per hour <t> 

The loading intensity can be related to efficiency of removal by 

means of a performance CUI'Ve in which, by convention• loading intensity 

is plotted as the abscissa and removal as the ordinate (11). It was 

f0U11d that a good fit of the experimental data could be obtained when 

both the loading intensity and removal were plotted on·logarithmic 

scales. Figure 30 presents the general experimental data with the 

curve of best fit developed by the method of least squares (24) and 

associated curves defining the 95\ confidence limita.1 

The general equation iss 

WheNi 

P = Removal of nitrate•nitrogen, pe?' cent 

y • Nitrate•nitrogen applied per day. pounds 

W = Mixed liquor suspended solids• 1000 pounds 

t = Aeration period, hours 

1 Churchill, M.A., "Analysis of a Stream's Capacity for Assimilating 
Pollution." S~a5e !!!!!!._ Industrial Wastes, l!_, 7, 887 (July 19~). 
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The general equation vas based upon sixty-five values and had a 

correlation coefficient of o.a7. The temperature range for the 

majOl'ity of the data employed in the development of this general 

equation was from 22 to 2s0 c. 

In general, the rate of chemical reactions tend to double with 

each increase of 10°c. in reaction temperature (after van•t Hoff). It 

has been shown that within the limits of about 10 to 35°c. biochemical 

(enzymatic) reactions generally follow this van't Hoff relationship. 

The upper limit is established by the heat inactivati~n of the particu-

lar enzyme system and occu~s most frequently in the vicinity of ss0c. 
The lower temperatUN limit is not as well defined since there appears 

to be a gradual ?'eduction of rate of reaction without destruction of 

the enzyme. Each enzyme syste,n bas its own particular range of temper-

ature including an optimura, a maximum, and a less defined minimum 

temperature. 

Experimental data obtained from the adapted activated sludge study 

indicate a rather narrow tempeNture tolerance range between approxi-

mately 20 to 30°c. This narrowness of temperature tolerance 20 to 30°c. 
range suggests a limited number of different microorganisms participat-

ing in the overia.11 removal of nitrate•nitrogen from the system. 

Under normal operating cond.itions • the in-plant temperature varia• 

tion would tend to be rather small due to such factors as the ground 

temperature, natural heat in the waste water, the relatively small 
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surface areas exposed to the air, and the temperatUN of the diffused 

air bubbling through the liquid. Although raising the temperature 

above the ambient in-plant temperatUN does incNase the rate of 

nitrate removal (within the limits of about 20 to 3o0 c.). it is not 

generally considered practical because of the economics involTed. 

There •ight be under conditions of relatively small waste-wate~ flow 

and avail.able (otherwise waste) heat, a situation in which adjusting 

the temperature would be worthy of consideration. For this reason, 

temperature equations are given below based upon the experimental 

data reported earlier. 

For 1S°C.a 

For 30°c.1 

/_ ro· 78 
P • 184.7\'tt / 

/_y_ \-0.79 P = 297.5\wt) 

( \-0.97 
P • 241.7 Vi) 

P = Removal of nitrate•nitrogen, per cent 

y = Nitrate•nitrogan applied per day, pounds 

W = Mixed liquor suspended solids, 1000 pounds 

t = Aeration tiae, hours 



Re9,u.!rementa1 

The quantity of air required for an activated sludge system is 

also a process design necessity. This air serYes the purpose of pro• 

vtding sufficient oxygen for oxidation reactions and also maintains 

turbulence which enha~c•s the opportunity of beneficial contact between 

the food and active floe particles. This induced turbulence also pre• 

vents undesirable sedimentation in the activated sludge tank and, if 

properly controlled, tends to reduce •h~rt-cil'Culting through the unit. 

In the nitrate reducing activated sludge system• the total design 

air requirement will be determined by the necessity of oxidizing the 

included organic ffl!ltter and the maintenance of sufficient turbulence 

to avoid sedimentation within the unit. The author and others (9) (10) 

(15) have found that the presence of dissolved oxygen does not mate-

rially interfere with the denitrificat!on reaction. This might be 

possibly due to the site of the denitrif!cation which could occur 

within the active floe in an environment of reduced oxygen tension. It 

appears logical• however, to limit: the quantity of dissolved oxygen 

throughout the syat•• and particularly at the influent, to the mini• 

1lllhl necessary to avoid septicity wh!le providing sufficient oxidation 

to reduce biochemical oxygen demand (B.o.D.) and chemical oxygen de• 

mand (c.o.o.) of the plant effluent to an accepuble level. Ludzack 

and Ettlngel' (20) recommend a dissolved oxygen (D.o.) level below 

o.s mg/1 in the inlet zone (unaerated portion) and below 2.s mg/1 

elsewhere in the activated slud~ tank. They found that oxygen N• 
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quiresents varied from 40 to 55 mg o2/g of mixed liquor volatile 

solids (M.t.v.s.) aftex- feeding. The latter value is higher than 

normal for conventional activated sludge by about 38 per cent. 

Although available data do not permit an absolute selection of air 

requirements for the adapted activated sludge system, in the absence of 

better, design criteria an increase on the order of at least 38 per cent 

above conventional activated sludge requirements is recOfflfflended. 

Pneumatic,!!!! !fY,draulic Desips 

The pneumatic and hydl'aulic design for an adapted sludge unit 

should bo RIOdified from conventional design in three general areas, 

(1) an arrangement should be made for variable aeration during the 

period of ni'tl'ate reduction, (2) the dense~ floe particles would 

suggest selection of higher levels of turbulence to avoid sedimentation 

within the activated sludge unit, and (3) provision should be made for 

closer operational control of the entire system. 

In the case of a diffused aeration syate11. val"iation of aera-

tion can be obtained by pl~cement of the diffuseNJ along the length of 

the activated sludge tanks. Since it baa been found desirable to re-

duce the aeration at the influent to the tank to the point of pre-

venting septicity, a provision should be made for closely controlling 

the aeration in relation to the organic load. This requirement vould 

indicate a design arrangement which is flexible and one which might 

follow the sketch in Figure 31. Experience at the particular plant 

would control the detailed arrangements of diffusers and organic load 
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would control the quantity of air provided at each bank of diffusers. 

Judicious laboratory control would be essential to an efficient 

operation. The requirement of variable aeration can also be ac-

compli~hed in a mechanical aeration Wlit by use of a variable speed 

mixing deYice, Yarying agitator submergence• or by intermittent opera-

tion of the mixing aeration device (a time-clock operation). 

Although it is well establish•d that the sludge produced by the 

adapted system tends to be 110re dense than conventional sludge• it is 

not possible on the basis of this r-eaearcb to recommend exact quanti• 

tative design values. It is suggested that a selection be made of 

values in the upper normal design range in order to induce a higher 

leYel of turbulence. 

Proviaion shoulJ be made to closely control the recirculation _rate 

as well as the amount of dissolved oxygen in the rocirculated sludge. 

The employment of redox potential might prove helpful in the control 

of aeration levels. The requirements for close control over the com-

paratively delicate denitrification reactions would strongly recommend 

autOJ11&tic control where economically possible. Automation would be 

no substitute for a well-equipped laboratory and trained personnel• 

however. 

Plant Arrangements 

An adapted activated sludge system can be selected by employing 

the general design equation given on page 1,-. The use of this 

equation will permit estimation of a detention period for a given per-
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centage removal of nitrate and a given nitrate loading. With the de• 

tention ti• and the waste-water flow estimated, one can select a 

design volume and proceed with the more detailed design of the plant. 

A suggested schematic flow sheet for a diffused-air activated 

sludge treatment plant is given in FigUre 31. The flow sheet ia baaed 

upon the author's experience and that of otheH (2) (15) (20). The 

detailed design would of course depend upon the condition of the waste 

water containing the nitrate as well as the desired ~uality of the 

plant effluent. The anaerobic treatment device would be comparatively 

small, since an attempt would be made to minimise sludge accumulation 

to a point of providing an active floe for Ncirculat!on. Provision 

should be made for a sewage or other seed at the mixing tank. The 

aeration tank has operational zones indicated by dotted lines. A 

possible aeration tank for the Nturn sludge is indicated as it sight 

be impossible to control the aeration level by any other method 

satisfactorily. The unit would be smll. Should the raw waste re-

quire other preliminary treatment, provision would have to be made 

for it. 
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V. GENERAL DISCUSSION 

The analytical determinations presented some difficulty because 

of the number of separate analyses required and because ot the lim!Ud 

tillle generally available between sampling. The selection of the phe-

noldisulfonic acid method for the determination of ultrate•nitrogen 

appeared to be a good choice since no severe difficulties developed in 

its employment throughout the entire research. Although the deteml• 

nation ls tedious and susceptible to several erroN • these disadvan-

tages can be overcome with proper technique and patience. Little dif-

ficulty was experienced in the use of the other analyses except for the 

mixed liquor suspended solids and the gas analyses. The fo1'11181' deter-

mlnation by its vvy nature tended to be somewhat inaccurate with a 

tendency to be below actual values• due to an inherent loss of aome 

sol!.ds around the filter paper and/or retention on the Buchner funnel. 

Max1ma11 effort was made to mlnlmiza these. errors, but good judgement 

would dictate a reliability on the orclel' of plus or minus ten per cent 

at best. The gaa analyses weN likewise inherently inaccurate and 

should not be assumed to haYe accuncy on the order of the other ana• 

lyses. It would have been pNferahle for the gas analyses to have 

been perfol'Md by gas chro•tograpby1 but no such equipment was avail• 

able. The results of the gas analyses were cil'CUll8tantf,ally reported 

as inel"ta and aaawaed to be nitrogen ps. Again in this case, effort 

was made to minlm1u the errol'S a and accuracy on the order of plus or 

ainus ten per cent is probably reasonable. 
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The main research was begun with the expecta~ion of eYaluating 

three broad areas of possible nitrate.•nitrogen removalc a eoagulation-

sorption study• an anion exchange study, and a biological study. Be-

cause of the high solubility of nitrate•nitrogen in water (e.g. sodium 

nitrate has a solubility of about 88 gt'ams in 100 cubic centimeters of 

water at 20°c.), little hope was held for substantial removal by coag-

ulation-sorption methods. It was considered essential, bowev'!r1 to at 

lea.:=&t screen this potential aroa before starting into the other theo-

retically more promising areas. The primary advantage of a possible 

removal by a coagulant (e.g. alwninum sulfate) or coagulant-coagl.llant 

aid system (e.g. aluminum sulfate plus activated silica) would be im-

mediate and general application to existing water treatment plants 

with a minimum of modification. Sufficient combinations of variables 

are believed to have been investigated to permit the establishment of 

valid conclusions from thia phase of the study. 

It was well established by others (generally as a secondary re-

moval while the researcher investigated the removal of other anions) 

that nitrate can be removed by anion exchange; however, little data 

were available on nitrate removal per se by anion exchange resins. The 

exploratory study reported in this inYestigation was intended to sup-

port existing literature in this area and to elucidate the primary 

factors affecting this operation on a plant scale basis for nitrate 

removal from natural waters. There are certain disadvantages inherent 

in the NmOval of nitrate by anion exchange which are worthy of consid-

eration. The first ls the fact that this operation does not represent 
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an ultimate re1110val of nitrate from water, but rather a concentration 

of the nitrate into a relatively small quantity of Ngenerant which 

still fflUSt be disposed of by some suitable procedure. A second point 

is that 'the treatment of a water supply usually would not be the most 

desirable point in the nitrate-waste cycle to eliminate this problem. 

The greatest so\ll"Ce.of nitrate waste at the present time is 9 and in-

deed in the foreseeable future will be• cwtain industrial plants. 

Under unusual conditions conventional waste-water treatment plants may 

also present a nitrate waste problem. Economy of effort would suggest 

treatment of the nitrate waste waters at the soul'Ce of these Nlatively 

concentrated wastes before discharge into receiving streams. For these 

major reasons as well as because of the general operational problems 

associated with anion exchange. a biological system was considered to 

be the most promising area for investigation. 

The adapted activated sludge system appears to be by far the lllOSt 

proffliaing means of removing high concentrations of nitrate•nitrogen 

from waste waters. In addition to the previously discussed advantage 

of attacking the problem at its soul'Ce 9 the biological system leads to 

a permanent removal of nitrate from the system in the for11 of an inert 

gaseous component or components. The system cannot 9 however. treat 

biologically toxic wastes; but can with proper nutrients and/or add!• 

tives. treat a wide range of ni:trate-bearing waste watex-s. Although the 

system appeal'S to be more delicate in operation than a conventional ac-

tivated sludge system• substantial proof has been presented by this re-

searcher and otheM that the system is effective on a laboratory-scale 
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bisis. It ls to be emphasized that these studies have not exhausted 

all problem areas within the adap'tod activated sludge syGtem; but they 

do afford some foundation upon which to design a prototype unit• !f 

judgement and flexibility of operation 3re concurrently incorporated in 

the design. It would also appear equally feasible to treat tho waste 

in slug flow or on a complote mixing basis if proper control can be 

maintained over mixed liquor-suspended solids• aex-ation rate, and waste 

characteristics. 

'nle design criteria devel~ped should be employed as a point of 

beginning for the design of a prototype un!ta it cannot ln itself serve 

to answer all questions related to design details. Foia f'xample, a 

quantitative value cannot be given for ll suitable level of turbulence 

to prevent Mdimentatlon within the activated sludge tank. These data 

presen~ the most complete approach yet offered for the design of a 

nitrate reducing activated sludge system. 
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VI. CONCLUSIONS 

Based upon the laboratory studies of an exploratory natUN pre-

sented in this dissertation, the following conclusions are mades 

l. The moat feasible method of removing high concentrations of 

nitNte~nitrogen from natural and waste waters appears to be by means 

of an adapted activated sludge system. This system can operate over an 

extended period of time with a carbon to nitrogen ratio of 3&1 and 

hiy)ler~ A carbon to phosphorus ratio of l50tl appears adequate for the 

process. Biologically essential minerals must be added if not already 

pNsent in the waste water. In order to develop good growth and qual-

ity of the adapted activated sludge, the,pH should be maintained close 

to a value of 7.o. Operational temperature should be in the 20 to so0c. 
range while 1nixed liquor suspended solids should be in the range of 

2000 to 3000 mg/1. The nitrate appears to be permanently removed f~om 

the system in the form of a gaseous inert component or components. Be• 

cause the density of the adapted activated sludge appears greater than 

a conventional sludge, somewhat higher design levels of turbulence 

should be assumed to prevent unwanted sedimentation within the plant. 

2. The anion exchange study indicates that nitrate can be removed 

from water supplies by this procedur-e. It should be emphasized that 

this removal is in fact a concentration of nitrate, which is eventually 

removed from the resin within the relatively small volume of regenerant 

solution. Any strongly basic anion exchange resin can be utilized, but 

in this study IRA~410 appeared most desirable. The regenerant mrf be 



158 

one of several substances. but sodium hydroxide appears acceptable-. 

Sodium hydroxide does have the disadvantage of producing a strongly 

basic product, which might necessitate adjustment of pH prior to bene-

ficial utilization. Other design criteria appear to follow conven• 

tional anion exchange design values. 

3. Coagulation-sorption appears unpromising for the removal of 

rdtrate from water supplies. 

4. The phenoldisulfonic acid method for the determination of 

nitrate can be a satisfactory proceduN• if one develops proper 

analytical techniques. 
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VII. SUMMARY 

This dissertation reports the research involved in performing 

laboratory-scale exploratory studies for the removal of high concentra-

tions of nitrate.nitrogen from natural and waste waters. The study in-

cludes an evaluation of the phenold!sulfonic acid '11!8thod for the deter-

mination of ni"trate.nltrogen which is included as an accessory to the 

~.ain research effort. 

The three mothods investigated for the removal of nitrate were& 

a eoagulation--sorptlon study9 an anion exchange study and an adapted 

actiwted sludge study. The coagulntion-sorption study conalmted of a 

series of "jar" tests to determine the removal 9 if any. of nitrate from 

a spocially prepared nynthet!c water when aubjectad to combinations of 

various coagulants• coagulant-aids• and other common water treatment 

chemicals. 'nlere was substantially no !'eduction in nitl"ate concentra• 

tlon with any combination of chemicals lnYeStigated. 

Fi•e anion exchange resins were investigated in the removal of 

nitrate fl'0111 the specially prepaNd water. The five resins were IR-~5~ 

IRA-4009 IRA-410 9 Permutlt s-2 and Dowex 1-x. All were strongly basic 

anion exchange NHlins except IR• .. S• which was·a weakly basic anion ex• 

change resin. Utilizing the expel'imental results obtained, one can 

estimate the performance of seve:ral combinations of operational 

variables in the N1110val of ni'trate by anion exchange resins. Although 

any of the strongly basic anion exchange resins could be employed in 

the N1111C>Yal of nltrate•nltrogen• IRA..-10 appeared to be very acceptable 
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when Ngenerated with sodium hydroxide (as a 4 per cent solution) at six 

pounds per cubic foot of resin. Flow rate of exhaustant could ~e as 

high as 3 gallons per minute per cubic foot of resin. The flow rate 

during regeneration should be closely controlled at o.s gallon per min-

ute per cubic foot of resin. The regeneration should be followed by a 

slow rinse (o.s gallon per minute per cubic foot of Nsin) and then by 
a fast rinse (1.5 gallons per minute per cubic foot of resin). The 

remcval of nitrate by anion exchange is essentially a concentration of 

nitrate on tho resin beads. This adsorbed nitrate is released in a con-

centrated form when the resin is regenerated by the relatively s~all 

quantity of regenerant. This regenerant waste must then be disposed of 

in an inoffensive manner. In practical applications it might be neces-

sary to either pre-treat or post-treat the water or both, depending on 

its original composition and its ultimate beneficial use. 

The most desirable means of removing nitrate in high concentra-

tions from waste waters is by use of an adapted activated sludge. It 

was determined by batch, bench-scale laboratory studies that nitrate 

can be permanently removed over a long period of time by such a system. 

Carbon-nitrogen ratio of 3:1, and higher, carbon•phosphorus ratio of 

150al, mixed liquor suspended solids of 2000 to 3000 mg/1, temperatures 

from 20 to 30°c., presence of essential minerals, and adjustment of re-

action to approximately a pH 7.0 are desirable variables for operation 

of the system. The adapted activated sludge produces a dense sludge 

and apparently releases the nitrate from the system as an inert gas or 

gases. A general equation developed from the data is as follows1 



-0.81 
P • 159.8~) 

Wheres 
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P • Removal of nltrate•nitrogen, pep cent 

y 2 Hitrate•nltrogen applied per day, pounds 

w • Mixed liquor suspended solids, 1000 pounds 

t • AeNtion period, hours 

Individual equations for temperatures of 15, 20, 25, 30 and 35°c. 

weN also presented. Air require11ent• are believed to be on the order 

of 38 per cnt greater than conventional activated sludge requirements. 

It bu been found desirable to control the oxygen tension during the 

total aeration period, progralllll!ng it closely to the organic load. 

Hlgbet't levels of turbulence are recommended to prevent unwanted sedl• 

mentation of the unusually dense noc particles• Close plant control 

ls considered essential to efficient plant operation. 
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APPENDIX 

THE PHENOLDISULFOtftC ACID DETERMINATION FOR HITR.ATE•fflTROGEN 

The phenoldlsulfonlc acid study was conducted as a preliminary 

step to the •1cn- research effort of determining ..thoda for N110vlng 

nitrate from natural and vaate waters. The litvature (1)(2) indi• 

oated severe 11m1utlona to the Mthocl pal'tlcularly when applied to 

waste-water samples. Chloztld••• color al!ld nitrites are .,.t frequent-

ly mentioned aa the major inteJ!"feNmCu with the teat. The adveru 

effects of each can, at least• be partially circuavented by proper 

pNCedures and techniqu••• Because of the inherent disadvantages to 

the phenoldiaulfonlc acid method, a critical appraisal or other 

methods available for determination of nitrate was made. Th• author 

included the polarograpbic method• the reduction method and the 

brucine method. The polaN>graphlc Mthod was rejeuted because of 

lll"Mt dltf!culty in maintaining suitably clean mercury. The reduc• 

tlon tNtbod was not acceptable because of the time and individual 

unipulations required for each sample <••I• the reduction time recom-

mended (1) at 2ooe. or above is six hours or overnight). Th• bNCSine 

method (1) is advel'Sely affected by strong oxidizing or reducing 

agents and has the further disadvan.tage that its color system does 

not follow Beer's law which necessitates development of color slmul• 

taneously in a avies of standards and samples. Fol' thue reasons, 

the phenoldiaulfon!o acid method was ael.caoted for further study prior 

to C011114111Cing the lllilin NNU'Ch pha••· 



173 

ApJ>!Nt\lS Rearnts1 

The app.~ratus employed in the critical study of the phenoldisul-

fonic acid T!lethod included a Beckman Model B spectrophotmeter1 a pH 

meter, a ttater bath• burets, buret stands and other common labora•· 

tory glassware. The apparatus efflt)loyed in a major portion of the.main 

research effort :ls shown in Appendix Figure 1 and includes a Beckman 

Yi0del DU spectrophotometer and power supply in lieu of the Model B 

employed earlier. The glasswar-e and water bath are e2'sentially the 

same in both cases. 

The reagents employ~ in the phenoldisulfonic acid dete1"1111Mtion 

were those recommended in Standard Methods with the following excep--

tionss the phenoldisulfonic acid reagent was purchased i.n the proper 

fo:rm for the analyses, the oxidation of nltrit• was accomplished by 

use of dilute h)'drogen peroxide solutions (10 11la. of 30\ H2o2, ACS 

gt-ade• diluted to 100 mls. with d1$t1lled wate~), and c~ncentrated 

ammonium hydroxide was employed in ~lace of potassium hydroxide to 

develop the l)ain color of the deteminatio~. 

Procedure, 

In general. the procedure followed for the nitrate detenlnation 

was as described in Standard Methods with suitable modifications be• 

ing included fol' water and sewagtt1 samples. Variations were made in 

the basic procedure as required in determining the effect Of some of 
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Appendix. FiguN 1. Api:-ratua •pl.oyN in ta uS:trat:e-.nitrQgeo 

det.,.luatim. 
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the faC1:ors known to or believed to influence the test. For exmnple• 

the effect of concentration of phenoldisulfonic acid• the effect of 

excessive dtying time, the stability of nitrate standards, the effect 

of hydrogen !on concentx-ation and the effect of excessive amounts of 

silver sulfate, each necessitated variations from the normal p?'OCedure 

for the detemination. Separate reeoveey studies were made to detel'-

mine the efficiency of tNatment recommended for elimination of the 

adverse influence of sample color1 chlol'ide content, the presence of 

nitrite, and the amount of al.Jcalinity. 

In ol'der to determine the variability of the preparation of 

standards• duplicate standard stock solutions wel'e pNpared. Four 

dilutions from each of these standard stock solutions werte made at 

five different nitrat••nitrogen levels. The optical densities were 

then deter-mined for- each sample at a wavelength 410 ,-v and a light 

path of one centimeter for the lower nitrate ran,.e (0 to 2 mg/1 N03•N). 

A similar procedure was followed for the upper nitrate range {Oto 10 

mg/1 K03•N) except that optical densities were ~ete!'fflined for the 

samples at a wavelength of 465 mf"and a light path of one centimete~. 

The pttactical limits of the nlti'ate detemlnat!on weN investigated 

by separate recovery studies of several water and waste-water saMplea. 

The initial nitNta•nitro~n level was detemlned, then varying amounts 

of nitrate were added to the samples. The samples were then routinely 

treated tor interfe~ing substances 3fte~ which ,the total nitrate quan-

tity was ascel"tained. 

The other su1)pol't!nit analyses were perfomed precisely as pl"e-o 

sc~ibed in Standard Methods with certain additional details for each 
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test as follows1 

1. Chloride waa determined by the Mercvic Nitrate Method• 

2. Nitrites were determined i,hotometrically after direct 

nessler!zatlon. 

3. tJydrogen ion concentration was determined by Mans of a 

BeckJlan Model N pH II.Miter. 

4. Color vaa determ1Md by means of a Fisher Uessler!Mtel'• 

5, Alkalinity was determined by titration with methyl orange 

and phenolphthalein indicators. 

Resultaa 

The results fr01ll this study can be found in Appendix Figures 2 

through 4 and Appendix Tables l through 13. Appendix Figure 2 

graphically illustrates the relationship between optical density and 

vaYelength for the phenoldlsulfonic acid syst••• The MX111U111 ab-

sorption occul"l'ed at a wavelength of about 408 •?• 
Appendix Table 1 presents the data from the brief study to deter-

mine the effect• if any, of variation in the quantity of pbenoldisul• 

fonic acid employed in each sample. In a110unts as low aa 0.2 •1111-

llters of ac1d for a nitrate•n!trogen quantity of 10 mg/1 in the 

sample variation ln ncovery was only one per cent• Acid amounts 

varying up to 3.0 niUliliters had similar recover!••• 

The data in Appendix Table 2 for a nitrate•-nitrogen level of 

o.s mg/1 indicatcad no appr-eciable variation in recovery with increased 



time on the water bath fer th• sample after it first approached dry-

ness. The exceas drying times wei-e fN>ffl o.s to 15 minutes and per 

cent variation in recov•ry were f!'Om +2 to -2 without apparent trend. 

Appendix Table 3 tabulates the data on the stability of nitrate 

standar:cts at two nitrogen levels of o.s and 10.0 11g/l. AppaNmt 

nitrate•N was determined over a period of 28 days with only a sllf/tht 

incx-ease in -per cent val"iation at the lover nitrate level (+IJ\) and 

with even leas variation at the higher nitrate level to •2). 

Appendix Table 4 presents data illustrating for nitrate•N levels 

of o.s and s.o wg/1• the effect of UmJ>le color frcm 5 to 70 without 

treatment• treatment with aluminum hydroxide and activated carbon. 

Without color l"etlOval the apparent nltrate•N recovery for the o.s •g/1 

varied fl'Offl 96 to 12~\ while at the s.o mg/1 recoveries were fl'011l 100 

to 108 per cent. Treatment with aluminum hydroxide yielded recoveries 

from 92 to 116 per cent for the lower nitrate•N level and from 98 to 

101 per cent tor the higher nitrate•N level. The variation in NCover-

ies were from 96 to 102 per cent for treatment with aluminum hydl'Oxide 

and activated carbon concurrently. 

In order to determine the effect of hydrogen ion concentration re-

sults fro~ a aeries ot determinations with varying pH al"e given in 

Appendix Tables. Values for sample pff ranged fl"Om 1 to 10 ln one 

unit increments. Nitrate•N levels employed were o~s. 1,0 and 10.0 mg/1. 

Mitrate•N losses in per cent ranged from 100. 99, 100 ~t pH of 1 to 32• 

37 and 5 at pH of 4 too, o. and Oat pH values of 6. Above a pH of s, 
little loss (11) was found. 
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Appendix Table 6 illustrates the effect of chloride in the sample 

fratu Oto 181000 mg/l on the recovery of nitrate•N at levels of o.s, 
1.0 and 10.0 mg/1., Losses (10.5 and~\) oceurNd at chloride values 

as low as 5 11g/l as Cl. The pettcentage losses increased to 22, 15 and 

8 at a chloride value of.25 mg/11 and at a chloride value of 18 1000 

rng/1, nitrate•N losses were es, 88 and 93 pel' cent. The data pl"ea$nted 

at.chloride vaiuea from o to 250 mg/1 after reuoval treatment, yielded· 

nitrate recovery percentage valun of .;.2 to +l vithout·appaNnt trend. 

, The effect of excessive amounts of si'lver sulfate ·can be seen in 

Appendix Table 7. The nitrate•N le•el' was 1.0 mg/1 and exceasive·silver 

sulfate ranged from 10 mg/1 to 200 m~/1. Percentage losses of nltt-ate•N 

were 5 and 42 per cent at silver sulfate values of 10 and 200 mg/1. 

Appendix Table 8 giftS data of the effect of oxidizing nitrite to 

nitrate•N in amounts of 0.1 to s.o mg/1 No2.N. After oxidation 1 appar-

ent 'losses ·ranged · fl"Ofl O to 2 per cent• ' 

· The effeet of alkalinity in amounts from SO to 500 ag/1 ·as CaC03 

on nitrate•N recoveries both J>.fore and afte~ neutrall%ation, can be 

· seen in Appendix Table 9. Recovery variations at nitrate•N levels of 

o.s, 1.0 and 10,0 mg/1 were from •l to +2 pera cent wit~out neutraliza• 

tion. to •l to +2 ·per cent with neutralisation. 

Appendix Tables 10 and 11 present data employed in plotting the 
. ' 

standard curves at nitNlte•N leVEtla of Oto 2 •g/1 and fl'Offl Oto 10.0 

mg/1. 

Table l2 illustrates the recovery data obtained from th:ree well• 

water samples with nitrate•N added in amounts from O,l to s.o mg/1. 
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Percentage nrlatlona ranged fl'Offl +2 to -2 per cent. 

Table 13 sh011a nitrate•N recoYery data for natural and vaat...,ater 

••"'Ples (via. a lake rav aewage and trickling filter effluent) 

wltb nitrate•N added to each ranging ft'Oll'I 0.1 to 3.0 mg/1. Percentage 

recoftl'/ values vere from 9&J to 105 per cent. 

D!ecmaion of Reaults1 -
The optical density and wavelength Nlatlonshlp Ca• obtained with 

a Becla:aan Model B spectl'Ophotometer) peaked at 408 m;,. 'nlla value la 

in close agreement w1 th the maximum abaorption of' 410 mJJ Nported in 

the literature (1). 

The amount of phenoldisulfonlc acid employed per •ample did not 

appear critical in the ranp of 0.2 to 3.0 aillilitera (fw a nitrate• 

nitrogeh level of 10 IIJJ/1-) aa long as proper contact vas lnaured by 

•ticulous atlrrin1. 

For conwnience • two illilllli ters of phenoldisulfonic acid were ... 

ployed in the subsequent detem!nation. 

Excessive drying tiNa of o.s to 15.o lllinutes did n~ result in 

appreciable loeaes for a nitrate concen'tl'ation of o.s mg/1 when only 

nitNte was present in diatilled water. The color ayatem fora the 

nitr.ite standards appeared to be stable for at least a 28 day period. 

Color interfera with the determination particularly when abOff a value 

of 70. Slight of color (under a Y&lue of about 25) can be re-

1110Ved by al\llllinw hydroxide• but both aluainUftl hydrodde and activated 

carbon are required when color approaches a YallM: of 70. 
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The d.etellmination ia susceptible to severe losses when the pH is 

below a value of 5.o. No aignificant losses were noted from synthetic 

solutions when the-pH ranged fl"Om 6.0 to 10.0. The preaence of chloride• 

even in amounts as low aa 5 mg/1 1 resulted in lonea of 4_to 10 per cent 

of the nitrate•nitrogena These losses are reportedly (3) taWI to the 

reducing effect of th• chloride on nitrate when in.acid solution. With 

pl'Oper·technique• chloride interference can be substantially reduced by 

precipitation of tbe.ehloz-ide as silve'l' chloride (AgCl). Excess silve'l' 

(beyond that required foe precipitation of the chloride) reaulta in 

losses of nitrate. This loss is due to the catalytic decomposition of 

nitrate-ion when in the presence of a'!lffllQftiWI ion during evaporaticn of 

tho sample (3). 

Th• pNSence of nitrite•nitrogen eX"l'atically increased the app&Nnt 

nitrate;. but it can be successfully circumvented by ealysba' of the 

nitrite followed by.its oxidation to nitrate by.hydrogen peroxide. 

Nitrate recoveries did not appear to be affected by alkalinity in 

amounts from 50 to soo,1113/l as calo1um.c&l'bonate (caeo3). 

The colot- syste• closely follows Bee11"s J.aw·. to a nitrate•nitrogen 

level of 10 mg/1 at a wavelength of 480 "'f with a light path of one 

cent!Mter. Good recoveries WeN obtained from both vell•satnplea and 

waste-wa~er samples when ~rope~ procedures were. cloaely followed. 

Conelus1onsi 

Based upon the data obtained from a erl ti cal study of the phenol• 

d!sulfonic acid determination, the following conclusions are ntader 
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1. The pbenoldiaulfcmic acid test can be a satisfactory method 

fori the deterraination of nitrate in a wide range of typo of auplea, 

but only if proper proced\lNa aN closely folloved. 

2. The procedure reconnnended by Standard Hethoda is generally 

excellent I but the analyst •hould be cautioned on the dangel'S ot · excea• 

sift silver ion 1n the N110val of chloride. 

3. Nitrite removal can be accompiiahed by oxidation by hydrogen 

peroxide if a suitable contact period is permitted. Good results were 

obtained by adding the hydrogen peroxide dropwiae over a period of 15 
. . 

to 30 ndnutu after the •ample waa first placed on the water bath • 

... Color'can generally be NmlOftd by aluminum hydroxide alone• 

but both alunainum hydroxide and activated carbon are NCOffllNnded for 

color over 25. 

5. Good recover lea were obtained by employing &11111KX1iwa hydroxide 

to deYelop the col.ol' produced by the reaction of pbenoldiaulfonic acid 

and nitrate. 
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APPElfl)IX TABLE 1 

THE EFFECT or PHENOLDISULFONIC ACID CONCENTRATION ON 
tfITRATE•NITROGEN R&COVERY FROM SYNTHETIC SOWTIONS 

Hitrate•N Phanoldiaulfouic Nitrate•N Variation 
Added Acid Added• Recovered 

msr/1 1118. Jltf'l./1 ' 
10.0 0.2 10.1 

10.0 0.4 10.1 +1 

10.0 o.6 10.0 0 

10.0 o •. s 9.9 -1 

10.0 1.0 9.9 •l 

10.0 1.s 10.0 0 

10.0 2.0 10+0 0 

10.0 3.0 10.0 0 



APPENDIX TABLE 2 

THE EFFECT or EXCESSIVE DRYING TIME ON THE RECOVERY or 
NITRATE•NITROOEN FROM SYNTHETIC SOWTIONS 

Nitrate•N Time After Nltrate•N Variation 
Added DZ'ying RecoveNd 
mtz/1 Minutes m"/1 ' 
o.so 0 o.so 0 

o.so o.s o.s1 
o.so 1.0 o.so 0 

o.so 2.0 o.s1 +2 

o.so 3.0 o.s1 +2 

o.so s.o o.so 0 

o.so 10.0 o.49 -2 

o.so 15.0 o.49 -2 
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APP.DlDIX TAIL'£ 3 

THE EFFECT OF TIME ON THE STABILITY or 
NITRAT&•NITROGtN STANJ>AlmS 

Nitrate•NihtOgen Time Apparent 
Added N03•N 

m11/l dava rmr/1 

.so 0 .so 
l ·.so 
2 .so 
3 ·.so 
4 .49 
5 ·.1ta 
6 .lf9 
1 -.49 
0 .so 
9 ·.-.a 

10 .s1 
11 ·.s2 
12 .s2 
13 ·.s1 
14 .s2 
21 ·.,2 
28 .s1 

10.0 0 10.0 
1 10.0 
2 10.0 
a 10.0 .. 10.0 
5 g.g 
& 10.0 
1 9·.9 
8 10.0 
9 10.0 

10 9.8 
11 g.g 
12 10.0 
13 10.0 
14 10.2 
21 10.0 
28 10.1 

V~iat!cn 

' 
0 
0 
0 
0 

-2 
•4 
-2 
-2 

0 
-4 
-2 
-4 
+4 

+ti. 
+2 

0 
0 
0 
0 
0 

•l 
0 

-1 
0 
0 

-2 
-1 

0 
0 

+2 
0 

+l 



Nltrate•N 
Added 

fflR/l 

' o.so 
o.so 
o;so 

' o;so 
I 

5~00 

s.oo 
s.oo 
s.oo 
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APPENDIX TABLE 4 

THE EFFECT or COLOR ON THE RECOVERY OF NITRATE• 
NITROGEN FROM SYNTHETIC SOLUTIONS 

Color Added* Nitrate•Nltro2en Recovered 
Without Re1110val With Al30H 

Std. Units JMt/1 ' 1ng/l ' 
' 5 o.4e 96 o.s1 102 

10 0.40 80 0~50 100 

25 o.43 86 o.4& 92 

70 Ow62 124 o.se 116 

5 s.oo 100 s.oo 100 

10 s.oo 100 s.os 101 

25 s.20 104 s.oo 100 

70 5.40 108 4.90 98 

*Prepared from a tea solution. 

With Al~OH 
& Act. arb. 
flrt./1 I 

o.so 100 

0~48 96 . o.so 100 

0~49 98 

s.oo 100 

s.oo 100 

s.10 102 

s.10 102 
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APPENDIX TABLES 

THE EFFECT or HYDROGEN ION CONCElffRATION or THE SAMPLE ON NITRATE• 
NITROGEN RECOVERY FROM SYNTHETIC SOLUTIOIS 

pH Nltnte•N Added Nitrate•H Recovered Nitrate•N Lou 
1RO/l mo/1 ' 1 o.so o.oo 100 
1.00 0.01 99 

10.00 ' o.oo 100 

2 o.so ' 0.01 98 
1.00 0.01 99 

10.00 o.oo 100 

,3 o.so 0.09 82 
' 1.00 0.2, 73 

10.00 ' s.oo 40 

.. o.so 0.34 32 
1.00 o.&3 37 

10.00 9.so 5 
' 

5 o.so 0-.48 4 
1.00 o.98 2 

10.00 9.75 3 

6 o.so o.so 0 
1.00 1.00 0 

10.00 10.00 0 

7 o.so o.49 1 
1.00 1.00 0 

10.00 10.00 0 

8 o.so o.so 0 
1.00 1.00 0 

10.00 9.99 1 

9 o.so 0,49 1 
1.00 1,00 0 

10.00 10.00 0 

10 o.so o.so 0 
1.00 1.00 0 

10.00 10.00 0 
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APPENDIX TABLE 6 

EFFICIE?ICY OF TIit REMOVAL OF CHLORIDE BY SILVER SULFATE ON THE 
RECOVERY or NITRATE•MITROGEN FROM SYNTHETIC SOLUTIONS 

Before Atter 
Chloride Removal Chloride Removal 

Chloride Nitrate•N Nitrate•N toss NitNte•N Vat"iation 
Addad Added Recovered Resulting Recoveroed 

fl'011\Cl• 
ffl~/1 mrr/1 mv../1 \ uur/1 ' 

0 o.so o.so 0 o.so. 0 
1.00 1.00 0 1.00 0 

10.00 ·10.00 ·O 10.00 · 0 

5 o.so o.45 10 o.so 0 
1.00 o.96 5 o.99 l 

10.00 9.60 4 10.00 · 0 

10 o.so 0.11-4 12 0.49 2 
1,00 0,93 1 o.99 l 

10.00 9.60 4 10.00 0 

25 o.so 0,39 22 o.so 0 
1.00 0,8S 15 1.00 0 

10.00 9.20 8 g.go l 

50 o.so 0,33 34 0.49 2 
1.00 0.1a 22 1.00 0 

10.00 ,.es 21 10.00 0 

100 o.so 0,29 112 0,49 2 
1.00 0,71 29 0,99 l 

10.00 7,50 25 10.00 0 

150 o.so 0.2a 44 o.so 0 
1.00 0.69 31 0.99 l 

10,00 1.10 23 10.00 0 

250 0~50 0.29 44 o.so 0 
1.00 0.62 38 1.00 0 

10.00 s.oo 40 9.ts l 

110.000 o.so 0.06 88 - -1,00 0.12 88 - -10,00 0.1s 93 - -
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APPENDIX TABLE 7 

THE EFFECT OF EXCESSIVE AMOUNTS OF SILVER SULFATE OH NITRATE• 
NITROGEN RECOVERY FROM SYNTHETIC SOLUTIONS 

Uitrete•N Silver Nitrate•N Nlt:rate•N 
Added SUlfate Recovered Loss 

Added 
ma./1 mrr./1 . mg/l ' 
1.00 0 1.00 0 

1,.00 10 o.gs 5 

1.00 20 o.97 3 

1,.00 30 0.91 9 

1.00 50 o.ss 15 

1·.00 100 o.74 26 

1.00 150 0.11 29 

1 .• 00 200 o.so 42 
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APPENDIX TA3LE 8 

THE EFFECT or OXIDIZING NITRITE ON THE RECOVERY OF NITRATE• 
NITROGEN FROM SYNTHETIC SOLUTIONS 

NitritA•N Nitrate•N Nitrate•N Nitrate•ff 
Added Added Recovered Loss 
m2/l mg/1 mall ' 
o.oo o.so o.so 0 

1.00 1.00 0 
s.oo s.oo 0 

0~10 o.so o.sg 2 
1.00 ' 1.09 1· 

0~20 o.so 0.10 0 
1.00 1.20 0 
s.oo s.20 0 

o.ao o.so o.so 0 
1.00 1.30 0 

0.40 o.so 0.90 0 
1.00 l.40 0 
s.oo s.a+o 0 

0~50 o.so o.99 1 
1.00 1.s1 l 

0~60 1.00 1.61 l 
s.oo s.&o 0 

0~70 1.00 1.10 0 
o.ao 1.00 l.'78 1 

s.oo s,.eo 0 
0.90 1.00 1.92 l 
1.00 1.00 ' 2.00 0 

s.oo s.10 2 
1.so s.oo 6,50 0 
2.00 s,oo 6,90 1 
a.oo s.oo 1.90 ' 1 
... oo s.oo a.go l 
s.oo s.oo 10,00 0 



Nitl'atfl•N 
Added 

fflf!./1 

o.s 
o.s 
o.s 
o.s 
O.$ 
o.s 

· 1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

10.0 
10.0 
10.0 
10.:, 
10.0 
10.0 
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APPENDIX TABLE 9 

THE ErrECT OF AL.'<ALINITY O?t THE RECOVERY or NITRATE• 
?fITROGEN FROM SY?ffltETIC SOttJTIOtJS 

Alkalinity Nitrate RecoveNd Nitrate RecOYeNd 
llS CaC~ fn>m tJnneut. Sanmle from Neut. Samnle 
by Na2 3 Variation Variation 
•all mg/1 ' ffll!./1 \ 

50 o.s1 +2 o.49 -2 
100 o.s1 +2 o.so 0 
200 o.so 0 0.,9 -2 
300 o.so 0 o.so 0 
400 o.so 0 0.49 -2 
500 o.so 0 0.49 -2 

50 1.00 0 1.00 0 
100 1.00. 0 1.02 +2 
200 1.oi +l 1.02 +2 
300 0~99 •l 1.01 +l 
400 1.00 0 1.00 0 
500 o.99 .~l o.99 -1 

50 10.0 0 10.10 +1 
100 10~0 0 10.10 +l 
2:,0 10.1 +l 10.20 +2 
30:) 10.2 +? 10.00 0 
400 10.1 +l 10 .. 00 0 
500 10.0 0 9.90 •l 



Sample No. 

l 
2 
3 
Jt 
5 
6 
7 
8 

g 
10 
11 
12 
13 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
2!J 

25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 
40 
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APPENDIX TABLE 10 

DATA FOR THE ESTABLISHMENT OF A STAMDARD CURVE or THE LOWER RANGE (0-2 ,ng/1 N03•N) 

Nitrate•N Added Standard ?Jo_. Optical Density 
mfl'll 

0.10 l .os4 
l .053 
l .os2 
l .053 
2 .os1 
2 .oso 
2 .·os2 
2 .051 

o.so l .21+0 
1 .-2JJO 
l .238 
l .238 
2 .230 
2 .233 
2 .233 
2 .230 

1.00 l .-.so 
1 .445 
1 .,4S0 
l ... 60 
2 .450 
2 ... so 
2 .445 
2 .4115 

1.so 2 .660 
2 .670 
2 .680 
2 .685 
l .682 
l .676 
l .672 
l .676 

2.00 l .sas 
1 .sso 
1 .90S 
l .895 
2 .895 
2 .f,195 
2 .900 
2 .905 



Sample tlo. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
u 
12 
13 
14 
15 
16 

17 
18 
19 
20 
21 
22 
23 
24 

25 
,26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 
40 
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APPENDIX TABLE ll 

DATA FOR THE ESTABLISHMEHT OF A STANDARD CURVE 
OF THE LOWER RANGE ( 0-10 mg/l N03 • IO 

Nitrate~N Added Standard No~ Optical Density 
1U/l 

o,so 2 .• 044 
2 .• 044 
2 , .042 
2 , .043 
l . ~042 
1 .043 
l .• 0113 
l .• 042 

1.00 1 . • 019 
1 .• 079 
l .079 
1 . • 011 
2 .o,s 
2 .011 
2 .076 
2 .011 

3;00 2 , .2ss 
2 .243 
2 .• 242 
2 , .239 
l .245 
l .238 
l .240 
l .243 

s.oo l .405 
l .412 
l ... 06 
l . .,406 
2 .415 
2 ,.415 
2 .... 10 
2 · .408 

10.00 2 -.a22 
2 .825 
2 '.823 
2 '.824 
l '.823 
l .826 
l · .s21 
1 '.826 



APPENDIX TABLE 12 

RECOVERY or NITRATE•NITROOI:N ADDED TO WELL WATER 

Smaple Source Nitrate•N1tN>~en. ma, 'l Variation 
Nuellbor Oricr1nal Added Calculated ReaevoJ1ed ' 

l V.P.I. 1.53 .10 1.63 o.s 
2 .20 1,73 1,.72 o.s 
3 .30 1.03 1._01 1.1 
4 .so 2.03 2.00 1,s 
5 1.00 2.53 2.so 1.2 
6 a.oo 4.53 4.54 0,2 
7 s.oo 6.,53 6,53 0 

8 Blacbbursi 1.45 .10 1.ss 1.sai o.s 
9 .20 1.ss 1.63 1.2 

10 .so 1.1s 1,74 o,s 
11 .so 1,95 1,97 1,0 
12 1.00 2.45 2,50 2,0 
13 s.oo ..... s 4,50 1,1 
14 s.oo 6.45 6,45 0 

15 V.P.I. 1.3s ,10 1.,-.s 1~46 0.1 
16 .20 1.~55 1.54 0.6 
17 .30 l.65 1.s2 1.e 
19 .so 1.0s 1.85 0 
19 1.00 2.as 2.35 0 
20 s.oo 4.3S 4.25 2.3 
21 s.oo 6.3S 6.30 o.s 
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APPENDIX TABLE 13 
RtCOVER\" OF NITRATE•tlI'l'ROGEN ADD:r.D TO SE'liAGE AND SURFACE WATER 

Sample Source N1trate•Nitl'ogon. trur/l Variation 
Humber 0-rbdnal Added Cal-•1--A ,, 3 ' 

1 V .. P.I. Lale& 0.38 0.10 o.4a o.~ 94 
2 0.20 o.sa o.ss· 95 
3 0.30 0.68 o.ss 100 
4 o.so o.,es 0.12 105 
5 1.00 1.38 1.36 98 
6 2.00 2,38 ·2.ao 97 
7 s.oo 3.38 a • ..a 101 

' 
8 Raw Sewage 0,57 0.10 0,67 o.66 98 
9 0.20 0.,77 o.ao 106 

10 o.so o.e1 0.01 100 u o.so 1.07 1.02 95 
12 1.00 1.57 1.ss '99 
13 2.00 2.5'1 2.62 98 
14 s.oo 3.57 3.59 ,99 

15 T .r • tfnuent 11.s 0.10 ll.7 11.s 98 
18 0.20 · u.e 11.5 96 
17 o.ao U.9 11.,4 96 
18 o.so 12.1 11.1 ·ga 
19 1.00 12.6 12.s 99 
20 2.00 1s.s 13.8 101 
21 a.oo 14.,6 14.8 101 
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This dissertation reports the research involved in performing 

laboratory-scale exploratory studies for the removal of high concentra-

tio_ns of nitrate.nitrogen from natuMl and waste waters. The study in-

cludes an evaluation of the pMnoldtsulfonic acid methcd for the deter-

mination of nitrate.nitrogen which is included as an accessory to the 

main research effort. 

The three methods inYestlgated for the NlmO"tal of nitrate were: 

a coagulatlon-sorption study, an anion exchange study and an adapted 

activated sludge study. The coagulation-sorption study consisted of a 

series of "jar" tests to determne the removal, If any, of nitrate from 

a specially prepared synthetic water when subjected to coabinations of 

various coagulants, coagulant-a.ids, and other commc,n water treatment 

chemicals. There was substantially no reduction in nitrate eoncen"tra-

t!on with any combination of chemicals Investigated. 

Five anion exchange resins were investigated in the removal of 

nitrate from the specially prepared watez-•. The five resins were IR_..S, 

IRA-400, IRA-410, Permutlt s-2 and Dowex 1-x. All were stl'ongly basic 

anion exchange resins except IR•45 1 whlcb was a weakly basic anion ex-

change Nsin. UtUlzing the •xpe~:1.mental results obtained, one can 

estl11111te the performance of tMrteral cOllblnations of operational 

•ar!ablee in the removal of nitrate by anion exchange resins. Although 

any of the strongly basic anion exchange resins could be 911rployed 111 

the NnDOYal of nitrate nitrogen, IRA-410 appeared to be "l"Y acce-ptable 

when regenerated with sodium hydroxide (as a 4 percent solution) at six 

pounds per cubic foot of resin. Flow rate of exhaustant could be as 
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high as 3 gallons per minute per cubic foot of resin. The flow rate 

during regeneration should be closely controlled at 0.5 gallon per min• 

ute per cubic foot of resin. The regeneration should be followed by a 

slow rinse (0.5 gallon per minute per cubic foot of resin) and the_9y 

a fast rinse (1.5 gallons per minute per cubic foot of resin). The 

removal of nitrate by anion exchange is essentially a concentration of 

nitrate on the resin beads. This adsorbed nitrate is released in a con-

centrated form when the resin is regenerated by the relatively small 

quantity of regenerant. This regenerant waste must then be disposed of 

in an inoffensive manner. In practical applications it might be neces-

sary to either pre-treat or post-treat the water or both, depending on 

its original composition and its ultimate beneficial use. 

The most desirable means of removing nitrate in high co,,centra-

tions from waste waters is by use of an adapted activated sludge. It 

was determined by batch, bench-scale laboratory studies that nitrate 

can be permanently removed over a long period of time by such a system. 

Carbon-nitrogen ratio of 3:1, and higher, carbon-phosphorus ratio of 

l50sl, mixed liquor suspended solids of 2000 to 3000 mg/l, temperatures 

from 20 to 3o0 c., presence of essential minerals, and adjustll'lent of re• 

action to approximately a pH 7.0 are desirable variables for operation 

of the system. The adapted activated sludge produces a dense sludge 

and apparently releases the nitrate from the system as an inert gas or 

gases. A general equation developed from the data is as followst 

( ) -0.81 
P = 159.8 lit 

Where: 



P • Removal of nitrate•n!trogen, per cent 

y • Nitrate•nitrogen applied per day, pounds 

w • Mixed liquol' suapended solids, 1000 pound& 

t • Aeration period, hours 

IndiYidual equations fos- temperatures of 15, 20, 25, so, and 35°c. 
were also presented. Air requirements are believed to be on the order 

of 38 per cent greater than conventional act!Yated sludge requ!re•nts. 

It has been found desirable to control the oxygen tension during the 

total aeration period, progre..tng it closely to the organic load. 

Higher level& of turbulence are recommended to preYent unwanted aedi• 

mentation of the unusually dense floe particles. Close plant control 

la considered essential to efficient plant operation. 
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