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- ' . ABSTRACT
A

This study was carried out tO investigate the

A

feasibility of using kitchen wastewater as a source of organic

carbon for denitrifying bacteria in a subsurface disposal system
under laboratory conditions.-\Synthetic‘feed solutions comprised
of potassium nitrate and kitchen wastewater represented nitrified

septic tank effluent. Preliminary experiments were carried out

~using a soil column s&stem and more advanced trials in a model

-

tile installation. "

During the first part of the study, twenty soil columns
representing four differenp'soil depths were used. Five different

.carbon’ {(expressed as methanol) to nitrogen ratios rangind from
P TN ‘

2:1_t0'6:1, were apﬁlied to these soil columns for seven months.

Results of this study indicated a minimum carbon to nitrogen

. : ) g
ratio for successful denitrification, which was subsequently used

during the final part of the study using a model tile installation

. . ! ‘
in -the laboratory.

A C:N ratio of 4:1 was found to be the minimum ratio

for successful (over 90 percent) denitrification in the soil

-

columné'for all the soil depths ranging from 150 mm tco 450 mm.

The C:N ratios ranged from 2:1 to 6:1. . Less than 15 percent of

nitrate, removal was ébtgined when the C:N ratio was only 2:1.
\ N ~

For'the first 20 weeks the rate of 'application was-200 mm/wk .

During the last 8 weeks of the study the soil columns weére dosed



!

2 i -

) :
with a rate of 420 mm/wk. The results show negllglble varlatlon

in. the nitrate removal efflclenc1es for C:N ratlos equal to or -

greater than 4:1. The average nltrate removal eff1c1ency in the

tile bed whlch was dosed with C:N ratio of 4: l at a rate of

-, s s o P
RPN P R P
..

80 L/m /d for six months, was 79 percent at a depth of 1000 mm.

N\

A nitrate removal eff1c1ency of only 21 percent was

.

observed in the tile bed at a depth of 400 mm and for a rate
higher than 60 pPercent a minimum requlred depth was 600 mm. .
Nitrite was not detected’in colnmn effluents where the C:N ratio
was higher than 3:1. The levels of TEN (total kjeldahl nitrogen)
reductlons 1n $0il columns for a feed solutlon of ‘4:1 varied-

from 24 to 48 percent. In the tile fleld these levels ranged

from 25 to 52 percent. COD (chemlcal oXygen demand) removal

rate in the tile field ranged from 51 to 73 percent. In soil
columns for a C:N ratio of 4:1 a depthh%f 450 mm reduced the

influent COD by over 90 percent. Presence of high dissolved -

) ..
Ooxygen concentration in the feed solution did not inhibit
denitrification. The minimum *levels of DO in the column end
tile bed effluents ranged from 1.0 to 2.5 mg/L respectlvelx

The ratio of change in total alkalinity to correSpondlng levels

.of nitrate removal ranged from 2.44 to 3.03 in the soil columns '{,

and from 2.27 to 321 in the tile’ggd._ The residual SOC (soluble "
organic carbdn) levels in the soil columns as well as in the
tile field were found to be lower than expected even for'hiéh

C:N ratios and the recovery rate never exceeded 20 pereent of

the excess applged SOC. Reduction of TSS (total suspended solids)



-'iii - - o *

L)

. was low for both the.soil columns and the tiie field on a

regular basis. The maximum level of reduction for the soil

column was 31 perceﬁtl In the tile bed this level was ' always

lower than 27 percent and occasionally produced negative results.

The levels of pH in the treated effluents ranged from 6. 8 to 7. 6,

»
and were fbund to be sultable to denltrlflcatlon. . )

[}
L'

' Due to insufficient number of samples obtained from -

N

the unsaturated zone in the tile bed for the nitrate test, a

.conclusion on nitrate removal in an unsaturated zone cannot be

made. However, over 60 percent removal of nitrate'with an

average of 64 percent was recorded at a depth of 700 mm where

* the moisture- content was above 20 percent by volume even after

3 hours after the loading operation was completed
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« " . .CHAPTER 1 . .

-4 INTRODUCTION

l.1. Nature of the Problem

& . .

bisposal into the soil of various wastes has been a

.--common practice for many years; the use of individual on-site

" methods for domestic wastéwater disposal is one of the most

important cases. The most commonly accepted method used for
such on-site disposa1 is by means of a septic tank followed

. by some type of subsurface‘disposal system.

It has.been reported_that soils are cébéble of remov-
ing most of the biodegrédable métter and fecal orgahisms frbm
ﬁastewater (52,89,92). The nutrients in the effluent, excepting
nitrogen, can also’'be removed éffectively. Fof example,‘field

studies show that the removal of phosphorus through soil-qan be

-
1

i ‘ R

Nitrogen compounds in secondary effluent or in septic

as high as 90 percent (10).

tank effluent are mostly' in the form of ammonium ion (2,77,89).
Along their paths in the soil these ammonium ions are oxidized

into more stable nitrate ions. The.NO ions are highly mobile

3
especially if the disposal field.is located in well-drained,
aerated soil (72,91). These'nitrate ions may reach the ground-

water and become a very undesirable contaminant causing serious

environmental problems (27,32,33). The main problems caused



by nitrate are the assoc1atlon of methemogloblnemla with hlgh

-

nitrate’ levels and eutrophlcatlon of receiving waters because ' "

v

of excess nitrates. Other problems such ‘as 1ncrease in oxygen T

~

and chlorine demand and toxicity to flsh can also occur if . «

Pl i KT

subsurface disposal systems are improperly designed and placed

very close to receiving streams and lakes.-
v .

In Iowa, well waters containing an appreciable amount of
niﬁwmeﬁmmefound as early as 1545,.to cause'metnemoglobdnemia
in inﬁants (69). The Yéarbook of 1950 (98) nf:the hmerican‘-
Public Health Associatdon neported some 262 cases and .29
deaths. ThlS dlsease, Whlch is called "Blue-baby" disease,
stems from depletlon of oxygen in the blood and the baby
‘becomes cyanotic (32). Since no cases of methemoglobinemia
have been reported from water containing less éhan 45 mg/L
of nitrate as N03, the U.S; Pnblic Health Service drinking
water standards, published in 1962,.recommended 45 mg/L as NO3
.( or 10 mg/L as N) as the maximum acdeptable limit for |
drinking watern(86).' A major contributor of nitrate to ground-
water is the effluent from conventional subsurface waatgwater
disposal systems (19,27,33,75}).. Andrecoli et ai (4) reported

'seridus groundwater contamination problems in Nassan Eounty

on Long Iéland; N.Y.,.where 40 percent of the population  (total
population - 1,460,000) is dependent on-individual on-site
sewage disposal system. Data available through 1976_indicate

19 highly productive wells exceeded the public health -

limit for nitrate concentration and had to be



'éhﬁt down or their water had to be blended with hiéher_quality't '
water. -A trend of increasing nitrate levels was also Qetected _
“ in 35'percent of 447 public water supplies, private ané monitor-
ing wells (4).'_High potential;forhnitrate pollutionlfrom septic
. tanks is also reported by Goehring (33) in New Castle County,

’
- Delaware. Once the nitrogen concentration exceeds the recommended

glimit.of 45 mg/l as NO3, ghe soﬁrces of water supply, which are
usuaily Zhallow wells, have Fo be deepeﬁed or their water must
be treated or blended with higher quality ‘water. If‘these

alternatives are found to be impractical, the well is taken out
of service in favour of a new uncontaminated source. For instance,

in Kingston, -Jamaica, half of the 28 drinking water wells have

been abandohed due to high nitrate level (66).

* 1.2. Purpose of this Study

Successful denitrification of wastewater usipg methanol
and other sources of.organic carﬁop has be@n reported by many
researchers (4,31,54,81,?5). Most of these‘sﬁurces are not
readily available at the site and more often than not involve
the additional cost of chemicals. Therefore, this study was
undertakén'to-invéstiéate the feasibility of using kitchen'wastef
water, ﬁhich is readily available in a household at no additional

cost, as a source of organic carbon fpor denitrifying bacteria in a sub-

surface disposal system under 1 ratory conditions.
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1.3, Ssummary of Work .
— S

During'tne finst part of the study several soil
columns were used to represent the vertical sections of a tile
field disposal system. Five dlfferent soil depths were used.
Synthetic feed solutiops containing five different carbon to
nitrogen ratios were applied to these soil columns for seven
monthe. The kitchen.wastewater was used td.provide the
necessary_anounts of soluble organic carbon for derritrification.
_ Potassium nitfate was used to represent nitrified Septic‘tan#
effluent. Both the feed solutions and the column effluents
were analyzed with respect to £he following parametere:

reducﬁ;ons in nitrate, chemical oxygen demand (COD), soluble

‘organic carbon (SOC), dissolved oxygen (DO) , total suspended

solids: (TSS) and variations in ammonia, nltrlte; total kjeldahl -

nltrogen_(TKN), pH and Alkalinity. Removal eff1c1ency ﬁi
determlned by comparing the reductlon achleved between the point
at which the feed solutlon was applied to the soil columns and
the respective treated column effluentsw -An analysis of the
data obtained during this study provided -the optimum value.of
the‘required carbon to nitrogen ratio for suocessful deﬁ{tri-

fication along with the removal efficiehcies of other parameEers

1

with respect to various soil depths and time.

During the second part of the study, a single test
a 4
tile was loaded with synthetic feed solution under laboratory

conditions. This feed solution contained only the optimum

R Y L e
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‘carbon to nitrogen ratio found in the'study using soil columns.

 Sampling devices were installed at various depths. Petrcolates

- -

collected in the seepage bed wéreranaLyzeq for ﬁaqious para-
meters.as mentioned before including nitrate. The test tile
was placed in a tank to achieve a balance between the amounts
of feed solution and the effluent. An-attempt was made to
obééive the level of denitrification at both the saturated and
unsaturatéd zone in the tile field. A water table was maintained
in the tank all the time and the level was véried 3 times during

the study. This part of tHe study lasted for about six months.

r
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- CHAPTER 2 -

—

THEORETICAL BACKGROUND " . CLoN
! +* - .

2.1, Scope .

]

There are many wayé by which nitrogen‘can be removed
from wastewater. Since this study is to be carrled out in 50115;
only the pertinent theoretical con51derat10ns regardlng the
biological actlons,on'nltrogen in soils are considered here.
Also, the theory of the mbvemen£ of water transporting nitrate

is presented.

- 2.2. Biological Actions on Nitrogen in Soils

Nitrogen added to soils in organic and lnorganlc,
forms is subject to varlous changes brought about by micro- .
\organisms present in the somls. The_actlons and interactions
are many and of a compiex ﬁéture.. However, the most feasible
approaches for nitrogen contfol in soils appear to lie in the

-

use of nitrification and denitrification processes (20,44,48).

The main advantage of biological denitrification is

thus

that it returns nitrogen to the atmosphere as inert Nz,
L} i . H

reducing the threat of groundwater contamination.

There are threé conditions which must be met in order

to remove nitrogen from sewage water by biological denitrifica-

tion (21,44,48,86). These conditions are:

‘e



a) the NH,-N which makes ubfmost of the nitrogen

content of secondary or septic tank effluent

5

-mugi be oxidized to nitrate;
' ’ <
b) nitrate must move through a zone where oxygen

- is absent;

c} organic carbon must be provided in that zone as’

! '

an energy, ‘'source for the denitrifying.bacteria.

2.2.1. Nitrification

.
1 i

'ﬂThis process can be defined as the bioloqical conver-
sion of nitrogen in inorganic or"oréanic.compounds from a
reduced to a more oxidized state. éor wastéwater applied t6
so0il, the bacterial populations sequentially oxidize ammonia
to nitrate with intermediate forméiion‘of nitrite. .Several

of these bacteri&l peopulations have been identified (17,69,86).

Nitrosomonas, Nitrosospira, Nitrosocoecus and Nitrosocystis

oxidize ammonia to nitrite whereas Nitrobacter, Nitrosogiocap
Nitrocystis oxidize nitrite to'nitrate. Of these genera the

most commonly found autotrophs in the soil water systems are

Nitrosomonas and Nitrobacter (75,86).

The nitrification process is dependent mostly qﬁ
autotrophic organisms, however other hetérotrophic bacteria,

actinomycetes and fungi are also found to accomplish nitrifica-
o “ ' A
tion. This genera include Mycobacterium, Nocardia, Streptomyces,

Agrobacterium, Bacillus and Pseudomonas (3) .

-

‘ __.
s
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Oxidation of ammonium and nitrite can be expressed

..+ by the following stoichiometric equation: “ -
nat o+ 20 | —> NO-“+ 20t + H,0 (2.1) 3
M T o N, T a7V Ll e - A
4 2-_2 (Nitrosomoﬁgs) 2 2 R :
NOE + % 62 —_— NO; AT S e2.2) ]
(Nitrobac;er) .

a
N .
e e et -

During these reactions, Nitrosomonas is reported to obtain
' more energy per mole of nitrogen oxidized than Nitrobacter ' .

(34,86).

Nitrosomonas obtéin 58.to 84 k cal pér mole of amﬁonia,
' whereas Nitrobacter obtain between 15.4 t6 20.9 k cal per mole i
of nitrite (633. Assuming tha£ the cell synthesis per ﬁnit |
energy obtained is equal, an pxidatioh reéction for the same
‘amount of nitfbgen wili'produce more Nitrosomonas than Nitro-
- bacter. In other words, Nitrobacﬁer bacteria must process 3
“times as mu¢h Substrate ;5 the Nitrosomdnas bacteria to obtain
the same energy. This probably explains thé rapid conversion
of nitrite to nitrate aﬂd is also the reason for not having

y -

large build-ups of nitrites in the ecosystem.
Assuming that the empirical formula fq; bacterial

577
the organisms (34,86):

cells is C_H NOJ, the following reactions show the groﬁfh of W



e e T S - - ety e prr—— ...

)

15C0, + 13NH, - 10NO .+ 3C.H NO, + 23H' + 4H,0 ...(2.3

2 4 577
~ (Nitrosamonas)
o - . - o+
5C02‘+ NH4 + 10N02 + 2H20 — 10N034-C5H7F02 + H ...(2.4)
{ Nitrobacter)

Ignoring the complexity of actual biochemical reactions
o _ . N ,

the cellular yieldg reported for the nitrifying bacteria (34) :

Nitrosomonas

o

58480, 2

+ .
55?}IH4 + 5C02 + 7602 — C 2

+,54NO; + 52H.0 + 109H"
' ' ceee(2.5)

Nitrobacter

", 400NOL + 5C0, + NH| + 1950, + 2H

+
2 H, 20 —> CzH,NO, + H'.:(2.8

577772

These are only empirical formulas and are not balanced.

2,2.2. Denitrification

The biochemical pathways followed during the oxidation
of organic matter are many."This is because of_the présence of
various cémpouhds,.e.g.{ sugar, amino aéids, féfs in the waste~
waﬁer; In carbon metaboliém, coenzymes such as NAD are reduced
(bj‘accepting two eleqtrons) from the.orgahic matterland COz-may .
be produced. The reduced NADH then trénsfefs electrons to oxygen
by the electron transpéft system (Fig. 2.1). This redox process.
is used by‘sgcterié for the production of ATP at 3 coupling sites,

which is the energ§ storing molecule subsequently used in their
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biosynthesis and movement.

However, under anoxic condition denitrifying bacteria
use nitrate etc. to replace oxygen as the oxidant. The genera .

- ~
includes“includes Pseudomonas, Achromobacter, Bacillus and

Micrococcus (3,69). These organisms can use either oxygen or

nitrates as the terminal electron acceptor. Figﬁfe 2.1 shows
these alternate pathways clearly where nitréte is reduced to
nitgites etc..and then to nitrogen gas. :Nate the enzymes in-
volved. As can be¥seen that the proposed coupling sites for
ATP production are only one when nitrate is used as the electron
acéepﬁor.- This means that the available energy for the bacteria

is less when nitrate is used in their respiratory process as

compéred to oxygen.

L e g kAR
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NO;™—+NO;™— (NO} — N0 — N,
1 i (oz) ' -

' T - [ et J M
Proposed Coupling NaR| | NiR| . NORE N,OR
sites ‘K;; FaSMo Cﬁcd“_Lt-i_ | T .

i A z
ATP -
- P

NADH— Fp — (FeS) —= UQ-I0~Cytb —Cyt ¢

Formate
Succinate ——~ Fp
Hz

At
ATP

Cyto Cytcg, Cy1au3éTP "
A . ‘ »

1

0, MeOH 0,

Fig. 2.1, Possible Pathways of Electron Tronsport System

in Denitrlflcotion (99),

Abbreviations: NaR - nitrate reductasé; NiR - nitrite

reductase; NOR - nitric oxide reductase; NZOR - nitrous

oxide reductase; Fp - flavoprotein; FeS - iron=-sulfur

center; UQ~10: - ubiquinone—lo; Cft - cytocﬁromé;
Mo - molybdenum; MeOH - methanol: ATP - adenosine
triphosphate; NAD - nicotinamide adenine dinucleotide. .
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This is nitrate dissimilation where nitrate is reduced
to nitrogen gas. In contrast nitrate assimilation is also
possible by denltrlflers, where nitrate is reduced to ammonia

level and is used for the synthe51s of c€ll protein (44, 69).

Once the ammonium nitrogen is oxidized to nitrate
and enters an anoxic zone in the soil, the denitrification
process starts immediately and continues as long as the organic

carbon available to-the denitrifiers remains. However, the

guantity of available organic carbon in the soil is limited and
w1thout this electron donor, denitrifiers cease their operation

and as a result NO3 escapes to groundwater.

\
*

Fresh organic matter, sugars, proteln and wastewater
.

"have been used as suppllers of organlc carbon in various studles
(45,4?,48,58,81,86). Methanol has been one of the most common
and ﬁidely used organic carbon sources in the denitrifying

- . : Coa

.
[ \

process- (29,54,79).

The oxidation reduction half reactions using methanol

are as follows: S

l.& ) - .
NOJ + 6H' + 5T ——>. 0.5N, + 3H,0 (2.7
(electrén acceptor)
0.833CH,OH + 0.833H,0 —> 0.833C0, + sH' + 5e”...(2.8)

(electron donor) !

[N SPEE TR EE
. .
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By combining the above equations, we obtain:

. _ “ -
N03'+ 0.833CH30H = O.SN2 + 0.833C02 + 1.67H20 + Oﬁ «e. (2,9}

3
becom?s (54,86):

-
*
el

%, . . " [
When we consider the assimilation of NO,,/*the synthesis reaction

N

. LS
14CH,0H + 3NO, + 4H,CO, ‘=

3 = §C5H702N + 20H,0 + 3HCO

For overall reactions McCarty et al (54) developed the following
reactions:

Overall Nitrate Removal

NO

3 = 0.056C.H. 0N + 0.47N, :

3 + 1.08CH,OH + 0.24H,CO

+ 1.68H20‘+ Hco; eea(2.11)

L]
Overall Nitrite Removal

N02 + 0.53H2C03 + O.QTCH3QH = 0.04C_H_NO

sHo 2'+'l.23H20

+ 0.48N 3 ‘ ... (2.12)

2 + HCO
Over all Deoxygenation

O2 + 0.93CH

)
3OH f 0.056N03'= 0.056C5H702N + l.04H20
+ 0.59H,CO

2C0, + O.SGHCO3 ... (2.13)

n

) . ) o R
Therefore, the overall methanol requirements can be expressed

s {2.10)
5 3 { )

PR P
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as (54):
C_ = 2.,47NO. ~N + 1.53NO.,, -N + 0.87DO . (2.14) 1
m 3 2 ) %

where f
Cm = required methanol concentration, mg/L - fo
NOE-N = nitrite concentration removed, mg/L
NOE—N = nitrite concentration removed, mg/L

: f _
- and DO =

dissolved oxygen removed, mg/L

Biomass production can be calqulatea according to thé'following

relationship: :
c, = 0.53N0; -N + 0.32NO, -N + 0.19D0 o e(2.18) .
where
Cb = biomass production, mg)L

If there is no nitrite present, wastewater containing 20 mg/L

of nitrate and 10 mg/L of dissolved oxygen will require 20(2.47)
+ 10(0,87) or 33.4 mg/L of methanol.fbr completé'denitrification.
The quantity of bacterial cells expected is 20(0.53) + 10(0.19),

or 12.5 mg/L.

During the reduction of nitrate and nitrite, bicarbonate

' is produced and thus there is an overall increase in the alkali-

nity of the system. However, results inthe literature show that
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in most of the caseé,this condition was not inhibitory to the
denitrification process (41,86). Production of alkalinity as
reported by Horstkotte et al (36) for a suspendéd growth

sy;tem was 2.89 mg as CaCO3 per;qg 6f nitrogen reguced. This

value is, howeveﬁ, less than the theoretical value of 3.57 mg/L

as CaCO3 by approximately 20 péfcent and can be attributed to

the complexity of overall biological transformations which take
place during the process of denitrification (36). A recommended
value for alkalinity in pragticai engineering applications is

found to be 3.0 mg/L as ‘CaCO. (86).

3

—



" CHAPTER 3

LITERATURE REVIEW

3.1. Scope

There is a considerable amount of published material
o ,
on removal of nitrogen from wastewater through biological,
: |
physical and chemical interactions of nitregen compounds moving

. through soils. An attempt has been made to review those works

which are considered relevant to'this study.

L]

3.2. Biological Denitrification

3.2.1. Attached Growth System

Once the soil profile reaches the reduced state,
bioiogical'feduction of nitrétes startslimmedi}tely. Howevér,
researchers (41 44,77} found that the denltrlflcatlon process
was often inhibited due ta the lack of any available carbon
. source for the denitrifiers. Field and laboratory studigs
showed that less than 30 peréent nitrogen removal was obléined‘
when a loamy sand was flooded with secondary effluent‘at in-
filtration rates of 30 to 40 cm/d (13,46). In these cases the
only 1imi£ing factor was found to be the available organic

carbon.

¢

Andreoli et al (4) used methanol as an external

source of organic carbon in a field study and reported nearly

A



complete reduction of nitratés within one month of commence-

ment of methanol addition. In this study an impermeable pan.
was used at the bottom of the leaching bed ané'almost all the
Samples'collected‘frqm this saturated zone depicted very high

(over 90 percent) nitrate removal.

»

Although methanol is.a popular choice as a sourcefgf
carbon in the process of denitrification, other alternate
sources. were also investigated. Wilson et al (86) used brewery
waste as a source of carbon in columnar denitrification and
found it to be an effective éubstitute to supplement for
methanol. No significant difference- in degree of‘éenifrifica—
tion was observed’yhen sufficient dosaqe of methanol and

brewery wastes were used separately.

*

Bremner and Shaw (18) found that 800 mg of wheat
straw added to a soil sample gave the same rate of denitrifica-

tion after twelve days as 5 mg of sucrose.

Dextrose was also used successfully in columnar
denitrification (47). This carbon ‘source was added to

secondary wastewater effluent to increase the level of organic

-

carbon to 75 mg/L, .and consequently nitrogen removal was in-

creased by more than 30 percent. -

Horizontal sand columns were used by Davenport et al

3OH as well as saw dust

were used as separate energy source. A synthetic feed solution
3

(26) in a denitrification study where CH

T T
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containing 2500 mg of Nog was used. The maximum level of

nitrate removal was reported to be 87 percent. Although the

supplied level of organic carbon methanol was higher than the

theoretical requirement, complete denitrification was never

N R Ty

achieved and it was attributed to the lack cf other necessary
nutrients such as phosphorus in the feed solution. In the

same. study, use of saw dust:aloﬁe was found to have little

effect on nitrate removal.

. ‘
A recent‘stﬁdy was carried out bf Lance et al (45), >
where primary as well as secondafy effluenté were used as
carbon sources. Soil colﬁmns were mainly divided into two
groups - vegetated columns and non-vegetéted columns. For
both the carbon sources the same columns, flooding schedules
and measuring techniques were used. For primary effluent the
nitrogen removal was. 45.6 and '81.8 percent for non-vegetated
and vegetated colﬁmns, respectively, as compared to 28.5 and
48.1 percent nitrogen removal from secondary effluent by
non-vegetated and vegetated columns. Primary effluent
produced better nitrogen removal than the other source because
of its higher conéentration of organic carhon. However,

nitrogen removal was much higher in the vegetated columns

than in the non-vegetated ones for both the sources and can

be attributed to nitrogen uptake by plants. Common Bermuda

grass was used in the study. Surprisingly, the infiltration

rate in the columns was not significantly affected, although
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the primary éfflﬁent sometimes contained as high as 181 mg/L
of suspendéd solids. One of the problems which is associateél
'with the use of pri;ary efflugnt as a source of organic carbon
ig tha£ it also contains additional nitrogen in the form of
ammonium ion. Another practical pfobleq of achieving nitrifi-
cation followed by denitrification in the éame soil profile is
that the supplied organic carbon for the deniﬁrifying‘bmﬂﬁria
ﬁay be depleted by other heterotrophic ﬁactefzé, ﬂot involved
in nitrate reduction, before it reaches the denitrification
Zone. For this reason Andreoii et al (4) used feedér pipes
to supply the ogganiq carbon source (methanol) to the denitri-
fication zone instead*of to the nitrification zone with the waste-

water. -

A Stﬁdé haé .been reported byuLaak (42) in which .
greywater from a household was used in successful denitrifica-
tion in an attached growth system. A system called the 'RUCK'
system waé developed for an average household where greywater
has been separatedi from the blackwater and has been used
as a source of organic carbon (Flgure 3.1). The effluent from
the blackwater septic tank is nltrlfled through a subsurface :
sand bed. This nitrified effluent stream is then mixed with
the effluent from the greywater septic tank and the combined
waste stream is brought into an anaerobic upflbw rock-filied
tank where denitrification takes place. THe rock filter
effluens is then disposed of by meaﬁs of a conventidnal seepage

system.
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This method of treatment has been in operation for
a'household system for two years and for.eiéht coﬁdominium
systems for six months. Over 70 percent efficiency in nitrogen
removal has been achieved. The final effluent béfore infiltra-
tion into the soil is reported to have iess thanrlo'mg/L of

total nitrogen and a fiitrate content of 0.2 - 5 mg/L. Favour-

able comparisons were obtained when these efficiencies were

compared with the results produced by the use of methanol as a

carbon ‘'source.

3.2.2. Susgended Growth System

The most successful and widely-used ¥uspended growth
. treatment system in removing nitrpgen comprises nitrification

followed by biological denitrification (67,86).

”

A single-~stage, activated sludge systém designed for
“denitrification was suggested by Wuhrmann'(GT).in the early

sixties without any external source of organic carbon.

Ludzach and Ettinger (51) first proposed the usé of
organic carbon present in the untreated influent for denitri-
fication. They also~used alternate aerobic and anaefobic
éones for nitrogen removal in the activated‘sludgé process

achieving over 60 percent efficiency.

i

Barnard (6) used two anaerobic and two aerohic

chambers in an alternating sequence and obtained 93 percent

. :
S

P -



1%

e e e am . it m R G mgap i R TR i e

b

-

_"-

reductlon of nitrogen without the addition of any organlc
chemical under laboratory conditions. Wlthln an operatlng
temperature range/gflzo to 23°C the total retention time for

the nitrification and denitrification facilities were in the

"order of 16 hours. To reduce this long retention time

»

‘Barnard suggested the addition of methanol or other carbon

sources to boost the activity in the deqitrification chamberf

McCarty et al (54) first compared warious sources of

organic carbon in the denifrification prffess. The sources

*

included ethanol, methanol,acetone, acetic acid and sugar.

After comparing thei; unit costé and. other properties, for the

same amount:of nitrate reduction, it was concluded that
methanol was the most economical and effective source of

organic carbon. ) :

.Francis and Mankin (31) used methanol as an external
carbon source in denitrif}ing high nitrate effluent from a Uoi
fuel fabrlcatlon plant successfully in continuous flow-stirred
reactors. ‘In this study two 1mportant observations were made:
a) - at nitrate concentratlons,>6lq;N03/m ' denltrlflcatlon rates
were inhibited; and b) methanol concentration . as high as 11.6 kg
CH OH/m ; while malntalnlng the NO3 concentration <5]¢;N03/m3,
did not inhibit denltrlflcatlon. However, Picard and Faup (67{
found excess methanol to be'toxic to the denitrifiers; a sudden

appearance of high nitrate concentration in the effluent from

the denitrification chamber .was attributed to the excess methanol

'
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"the ‘remaining methanol.

itself or to hydrogen sulfide formed by the reduction of the
R . . v ’
sulphates in the water during the anaerobic fermentation of

a o e ST
R AT -

3.3. Other Methods of Nitrogen Removal in Soils >

3.3.1. Removal of Nitrogen by Irrigation of'grops o

-

Wastewaters, when applied as irrigation watér for

crops, serve dual purposes; they meet the water requirement

for the crop and also supply the necessary nutrients §1;15,25).,

These -nutrients including nitrogen are incorporated into the

plant'tissue and are completely removed from the system when
the crop is harvested. '

The literature shows that.selection of the proper

.
it

crop is vé;§ important when effective removal of nitrogen

is desired by land irfigation. A long growing season, tolerancel
for floods and high requiréﬁents ’fo; nitrogén‘are the desired ‘
éualiﬁies. Soépgr (78) reported that reed éanarjAgrass irrigated

with 50 mﬁ*(2 in.) of secondary effluent per week removed

0.045 kg/m2 (408 1lb/acre} of nitrogen during 1 year, whereas
-~ ' 1 AT 2

corn silage irrigated at the same rate removed.only_0.0lB kg/m

(14Uflb/ﬁpre) of nitrogen per year {89). However, there are b

three main drawbacks of this method of nitrogen removal:

»

1) It_is impractical for individual wastewater

o -

disposal sYstemrbécause of associated public

health‘problems. o

-
L]
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2) There are chances of excess nitrogen reaching

groundwater.
. ~_{‘
3) There are high requirements of land area and a’
r :l '.".- -
high cost associated with it.

3.3.2. Removal of Nitrogen by Adsorption in Soils

Soil particles poesess a negativé'charge in theral,
which means that they have.ahgfeater electrokinetic capeeity
to'aftract the pésit;velf—eharged catiens out of solution (é)?
Weeteweters cpming out ef septic tanks conta}n NHZ ions which
are adserbed,by the negatively-charged soil particles (clay%
and organié colloids. However, review of the literature |
establlshes the fact that the adsorption of NH4 by the 5011

. when flooded w1th wastewater is very limited and once the 5011

is saturated with ammonium ions this capacity is even reduced

-

(44,70). Furthermore, these immobilized ioﬁs can be oxidized in
the course of time to the highlj mobile eitrate.ioﬁ and would -
.eveﬁtuellyffind its way intd the groundwater. ‘Studies carried
out‘by'Noﬁ;ick (60) "also indicated ;haﬁ this metﬁod had the
_above—mentioned.shortcomings.' '

W%

3.3.3. Removal of Nitrogen byivélatilization of Ammonia

v .

L

Nitrogen present in the_waéteweter can be removed in

-

the form of NH3 prov1ded certain conditions are met. Ammonia

exists in equlllbrlum w1th ammonium ion in solutlon.

‘ e "'Hh o
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+ - . '
4 ¥+ O —> NH; + H0

NH

Below pH f, most of the nitrogen is present as
ammonium ion. At a higher pH level;'fhe percentage pf gasecus
ammonia increases. Fo;‘a ﬁH of 7.5 to 8.0, which is a typical
pPH value for, wastewater, less than 10 percent"of the nitrogen
would be in the gaseous form (43).‘ In other words, without
the addition of alkaline chemicals, volatilization of ammonia
is not sufficient to remove any significant amount of nitrogen

from the wastewater and therefore is not practical in an

individual wastewater disposal system.

Non—biolbgical reactions called chemodenitrification

can also produce gaseous ammonia. Again, this process requires

~

a pH value below or around 5.0 and high nitrite concentrations
which are not the characteristics of the average domestic

wastewater (20).

-

-

3.4. TFactors Affecting Nitrification and Denitrification

3.4.1. Factors Affecting Nitrification

A : 5

The optimu@ pH for the growth.of the nitrifiers is

pot sha}ply defined but in pure cultures it has been'reported‘ '
to be iL the alkaline range (3). During nitfificaﬁion th; pH |
drops becaﬁse‘of the destruction of alkalinity and production

of hydrogen ions. Theoretically a decrease of 7.1 gm of
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alkalinity.as CaCO3 should cccur ‘for every gram of nitrate i
nitrogen produced. Wild et al (95) found that 1f the value
of pH in the nitrification system is outside the range of !
7. 0 to 9.8, less than 50 percent of the optimum rate occured.
Buring nltrlflcatlon with submerged fllters, Haug and McCarty
(34) found that, where excess alkalinity was available, oxi-
dation was 95 percent coﬁplete. In a test where alkalinity
was approximately equal to the amount required for néutrali—
zatlon, the effluent from the submerged filter had a pH of
nearly 5.5, while the efficiency of oxldatlon dropped to 90
percent, and in a test with substantmally»less alkalinity than

theoretically required, nitrification;Eeased.cdmpletely‘when

a residual alkalinity of 10 mg/L as CaCO3 was reached.

Fer;blackwater flows from a household, Brandes (186)
reported that enough alkalinity'(i.e. alkalinity/nitrogen
requlrement of 7/1) was present for successful nltrlflcatlon.
This has been recently confirmed by Laak (42) in a field. study where
the nltrlflcatlon was complete and the pH was in ‘the range of
3.5 to 4.0. The nitrification was achieved in alsand filter

and the effluent did not have any‘alkalinity left.

-

Temperature

The nitrification proce ‘is found to-be affected by —
the teﬁperature of the environment. For optimum growth of
nltrlflers, the temperature needs to be between 30° and 36°¢C {3).
Laboratory studies have 1nd1cated that the rate of nltrlflcatlon _

increases throughout the range of 59 2 35 °c nnreasonable agree-'
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ment with the general concept of doubling for each 10% in-
crease .(85). However, information on the réte qf nitrificatiqn.
at low temperatures indicates conflicting result§/¢<Rimere et
al (71 réported negligible nitrification below 10°C, whereas
ﬁaug and McCarty {34) used a submerged filter and found nitri-
flcatlon to be reasonably rapid and stable at tempegatures as
low as 1%. They also found that with a detentlon time between

90 and 120 mirnutes at 5° C, the submerged filter was able to

nitrify 90 percent of the incoming ammonia nitrogen.

Dissolved Oxygen

Oxygen‘must be aQailable for the sucéegsful nitrifica—
tion of wastewater. A level of 4:6 mg ] /mg NﬁZ-N is found to
be sufficient for the aeratlon requirement in a nltrlflcatlon
process (86).- Successful nitrification of septic tank effluent
in soil hés been well documented (41,59,70,89). The presenqe
_of a low concentration of oxygen Pn the septic tan effluent
‘did not‘pose any significant problem. For a subsurface sand
fiiter, used for niérifiéation of blackwater, Laak (42) found
that it)was the loading rate which.was particularl& important -
for successful deniﬁrifiqation. The other facgor was the ;ypg
.of filter cover; both silt and clay ;overs producéd low nitri-

. . .
fication rates.' This may be attributed to the possible re-

-duced oxygen penetration from the .atmosphere.
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3.4.2. Factors Affecting Denitrification
PH
Clayfield (21)Irepo;ted thq_sptimum pPH for denitri-
fiers to be around 7.5. Less than 80 percent nitrate removal
efficiency was obtained below a pH level of 7.0; For a pH of
6.0, the removal rate droppéﬁ to less than 40 percent. Similar
réSﬁigg are also reported by other researchers (86). However, .
Dawson and ﬁurphy (24) found an optimum level of 7.0 for maxi-
cmum denitrification. They‘reported-;n efficiency of 75 percent .
around the pH level of 6.0. This is aiso supported by Laak (42)
in a recent field study where 70 percent denitrification was *
obtained ét a'pH levgl of éround 6.8. Contrasts in the effi-
ciency of denitrification process fér higher PH were less

pronounced. However, a pH level of more than 8.0 seems to,

depress the denitrification process (86).

Temperature

For isolétéd denitrifying bacteria, the optimum
temperature fbr denitrification is found to vary from 30°C to
65°C (LZy. This is a wide range and in a .natural Soil system
.temperaturés this high would not often be reached Qith the
exception of tropical countries. -Furtﬁérmore, isblation of

bacteria in a subsurface disposal system is also not possible.

In the literature, the effects of temperature below

—
e N



30°C on denitrification:rateslhave been found to be varied.
Stensel {82) reported very little change in the rate between

‘20 and 30°cC. Dawson and Murphy (23)'found that denitrification
rates doubled for éach 10°¢ increase in tempefature between 5
and 20°C in a labofatéry study. Some researchers (12,19{43)
reported little or no dehitrification below 10°C in'soil systems.
Terry and Nelson (85) found signifiéant denitrification rates
below 5°C. Merrow (56) also observed a significant rate of de-
hitrification at temperature.éround 10°¢c. Devenport et al (26)

also reported a decrease in nitrate removal efficiency with

3
24 days at 24°C, 75 pefcent at\TBQC in 28 days and 62 percent

the drop of temperature. They found 87 percent NO. removal in

at 13°¢c in 27 days respectively.

-

Moisture Content and Characteristics of Soil

.

Moisture content of the soil whére denitrification is
taking place is also found to be very impo#tant in achieving,af;
high degree of denitrification (44). Bremner and'Shaw (lg)ﬁ
found that beibw 60 percent‘of field capaéity,.removal.of
nitrogen thfough denitrificatign was negligiple although other
conditions for denitrification were favourable. Meek et ai
(55) found that pfaduction of nitrogen gas in incubated ‘soil
samples did not change;When the water contehﬁé were between
34 to 41 percent but increased sharply when the moistufe con-

[}

tent reached 44.5 percent. The typical moisture charateristic

of the soil used was 48 percent moisture at saturation and ~

et e —
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32 percent at field capacity. The literature shows that theas

fate of denitrification in some soils can be doubled by a change .
of 2 to 6 percent in water content abéve the field capacity

level for those soils (81). P:a_:trié:'k et al (64) found that

after a week of flooding, the ;oil profile exhibited charac-

teristics of a reduced state.

Soil characterisﬁicé have‘also been found to affect
denitrification in some studies. For fine sediments Vankessel
" (88) found thét denitrification took place in the top 7 to 14
cm of the soil profi&ﬁ. Test results ihvolving sandy loam
soil show that denitrification was not significant until a
depth of 16 cm is reached in the soilcprofile (91). This may
" be due to the fact that oxygen present in sandy sbil in the top
layers prohibit denitrification. In a subsurface disposal

field the soil depth is not expected o be a limiting factor.

Dissolved Oxygen

EInhibition of denitrificatibn due to the présence of
dissolved oxygen'is not wellldocumented. In-a columﬁ)study
Smith et al (77) observed no significant effect of high diss olved
oxygen levels oﬁ successful denitrification. The lowest values
. of oxygen in the éffluents were between 1 and 1.5 mg/L.

Horstkotte et al (36} alsc reported significant denitrification

in the presence of low levels of oxygen.
/‘\ .

In a subsurface disposal'system biological
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denitrification will be preceded by biological nitrification
where the low level of oxygen concentration coming out of the
septic tank will be further reduced; therefore, the oxygen

level should not hamper successful denitrification.

Nitrate Concentration

-

A study of the literature shows that there are dis-
c:epancies in the results regarding the effect of nitrate
concentration on the rate of denitrification. Some reseafbhers
(22,65) have reported that nitrate concentration has ﬁo effect
on the rate of denitrification; i.e.; zerc order kinetics have
beeﬁ indidated when the initial concentration of nitréte is
}?gqu lOOOImg/L. At a low level Some depenaence of the de-.
nitrificaﬁion rate on the nitrate concentration Was observed
by Vbltz (91); ﬁowevef, at higher levels the rate of denitri-
fication was independent. Sikora and Keeney (75) carried out
some laboratory studiés with initial concentration of nitrate
of 40 mg/L and found that the aenitrification rates followed

first order reactions. This was true at three devels of

température varying from 5°¢ to 20°C.

Vankessel (88) observed an therninteresting phenomenon
where he found that the rate of denitrification was also
dependent on the type of the soil. For one soil he reported
first order kinetics below 300 mg/L of nitrate concentration

and zero order above. For another soil the dividing concentra-

tion of nitrate was around 500 to 600 mg/L. There are other



studies in which similar variations for the dividing points

have been reported (38,56).

- —
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CHAPTER 4

' PURPOSE OF STUDY AND EXPERIMENTAL PROCEDURE

4.1, Purpose of the Study

After reviewing previous work on denitrification, it
qaﬁ be concluded that, under favourable envi;onmental condi-
tions, denitrifying bacteria present in the soil are capable
"of removing most of the nitrogen from wastewater. However, to
create this favograble environment, a sufficient amount of
organic carbon must be made available to the denitrifying
bacteria. Although methanol and a few other sources have
been used successfully in some studies, they'are far from
being practical for solving excess nitrate problems which are
associated with small scale on-site sewage disposal systems.
The RUCK system (42) is the only exception and has thus far
been reported to bekquite successful in removing nitrogen
from septic tank effluent. This stééy investigatéd.a practical
means of achieving denityification in a septic tank-tile )
field system by using greywater as the carbon source for the

denitrifying bacteria in a éeparate denitrification reactor.

After carrying out a detailed survey Laak (41)
reported that greywater flow from a household makes up 40 - 60
:percent of the total wastewater flow (Table 4.1). 1In domestic

households, kitchen'wastewaters'form part of the greywater.:

o

i
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It contains wastewater froﬁ garbage disposal, from food pre-
paration éhd from dishwashing. Table 4.2 shows water-use
voiumesin households as found by various researchers. Water
usage consumption as a percentage is shown in Table 4.3. It
can be seen that, on the average, the volume of water used
ifi a kitchén makes up over 10 percent of the total volume.

‘%Chaf?cteristics of kitchen waste which contributes most of

the o}ganic carbon’'in greywater have been analyzed by a few
researchers and are presented in Table 4.4 along with the
results obtained by the author during the study. It can be

seen that kitchen wastewater is very rich in soluble organic

carbon and comparatively low in nitrogen; thus it would to be

a good source of organic carheon for denitrification. Thus,

in this study kitchen waste consisting of effluent from a

domestic garbage grinder was used to provide the source of necessary

-

organic carbon for denitrification. .

The ammonia present in the septic tank effluent has

to be oxidized to nitrate before ﬁndergoing denitrification.
In this study, synthetic feed solution containing a knowﬁ
amount o KNO3 Qas uséd to represent hitrified septic tank
effluent. .fﬁe other constituent of the feed sclution was a
predetermined amount of kitchen waste (details are given in

the iatter part of this chapter). Application of this feed

solution to the soil columns can be compared with a conventional

septic tank-disposal system in which the kitchen waste is mixed



) ‘.|.|t|||..||..ll.|i|1!.ltnn‘..¢ﬂ2;.r.\1..u-:f\ -t

P

<
|
“ , >
i
w
|
| e .
| |
_ Kep zod e3tdes xod I33TT UT posseadxs sIe SwWa3lT TIV :9ION
s L) . N
8°86 | 9° 92T G'ETIT L°T8 T°9¢6¢ Te3loL
M S - o, £°0¢ e - - - I9H30"
L £°€T 9°8T 5oz 9 €T 5LV 'seusta
: - S*LY ‘ 6°LE - 9° T T°0v €18 y3ed
" 0°8E 8°6€ S T 0°82 geLet AxpuneT
(0G) #L6T (9L) bLeT ‘Te - (TIT) SL6T (oF) W¥Lie6T (L6) PLe6T
‘Te 38 uewbt] 19 BSTIDOTS » ‘JPOISUTT I JFFSUUSH e} f33TM | abesn

soumTOA 9sn IsaeM  °Z°b 9TIqel



. VR

e e PRI TN - e _
' s
: N ¢ :
. . T )
. -7 . (W.’,. z
hmwhnmm e31ded Hw&.mmuﬂﬂ - @\u\q $330N
. 7o (p/2/7)
8°6ST ) P €91 T°69T 06T - P11 TLT MOTH
. . . i . Te30L
S 6T - . » 9 -0 “. 13430
- - - - T BuruesTd
- c - - = S butsuTaq
-6 . T : .+ 9T - LET . 0T . usyoaTy
) - S T
e €< 44 . 9¢ - BT 9z . yijed
8T 5z Lz _ . 8T 6T AapuneT
LY ze ' €€ Sy - L2 8% - 391TOL
(o¥) ¥L6T (bL) 9Le6T (TT) SL6T (c£6) TL6T {6%) ZL6T
yee] Te 39 -3stabstg B 3@ 332uusg urwUTIEM uewbTI sbes

(Te303 O obejusoxag) abesn aojeM DTOY2SNOH "£°p oTdel



e W

S

.

Aep xad ejztded xad EmmeAHﬁE x¥

-

g - _ -giskfeue 103 usye3 sem juejeuradns oy} @I10I9q SINOY OMI

e
o Ioy 2733196 O3 DOMOTTE. SeM 93SEBM SU} pue pPssn seM zoputaxb abeqren &

0095 - 00€T 0005 - (pa7e3TTF 30N D0L
N f\\ 2°6pT - LS 1247 yL - NN,
o= 0°0 81 g0 . n-fon
o o _ , L T
@W/v - ) 0°0 . . N-"0ON
=~ | z°e> £°2E 9 - N-fuN
D . 008% - 08TT TITY 088  (PeI93TTd) DOL
0’ . . . ’

™ 0LT = SL TTTV 0ZL sS

| - I\ . 4
: - " LLT € 0d OYIIO
dv : - 6T¥, yL Yoa Te30L

.b . -

- (1/6ur) ¥ :u\O\mi.c {1/ but)
(vL6T) (9L6T) -

FXOUINY Te 32 33TM - Te 3@ 35TaBOTS we3 I

ai

A , , "

27seM USUDITM JO SOTISTILIORIBRYD ‘v°F STJERL



- 37 -

with the nitrified (through a sénd filter) sepﬁic tank f
effluent brior to the final subsﬁrface disposal. The syétem
proposed hére is very siﬁilar'to thg RUCK system. The
différences are the absgnce of a separate denitrification
reactorAand the substitution of kitchen wasté for greywater.
This treatment facility would be a low-cost one and is
expected to reduce the nitroéen in the final éffluent con- -

siderably without any addition of chemicals.

In. summary, thé objec£iVe of this study was to investi-
gate Ehe remdhél of nitrate by denitrifiéation through soil
using only kitchen.wastewater as the source of organic carbon
for the denitrifiers. 1In the first part of the study soil
columns were’qsed to obfain information about the optimum
_carbon to ﬁitrogen ratio for co%ﬁléte denitrification, and in
‘the.subsequent\study this ratic was used for denitrification
in a small scale tile field representing fieid‘conditions.l
Both the studieé were carried out‘under laboratory conditions.
Vagiations of parameters other than nitrate with soil depth
and time were‘also of méjof concern. Thesé parameters included
pH, alkalinity, nitrite, nitrate, amﬁqnia, organic nitrogen,
suspended solids, chemical oxygen demand, dissolved oxygen and

soluble organic carbon.
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4.2, Experimental Procedure ?

4.2.1. - ScoEe

. .To assess the operation and efficiency of a subsurface
disposal system with denitrifying capabilities, it is necessary
to collect representative samples regularly for laboratory
analysis. This collection of samples is difficult in the
field .situation and may become impossiblé in the winter or
. during.periods of high groundwater. Furthermere, some control
of. the environmental conditions is needed beyond that which is
possible in a fieid installation. With these liﬁitaﬁions in
mind, it was proposed to carry out this research work in.the

1abbrqtor§ at the University of Ottawa under controlled conditions.

4.2.2. Studies with Scil Columns

3
A septic-tille field system usually consists of a
baffled septie tank followed by a gravel—filled subeurface
seepage bed where the effluent from the septic tank flows
through a perforated or open jOlnt pipe and is dlspersed
through the ‘gravel. into the 5011. It was felt that it would
be useful to conduct a SOLl‘column study'before atFempting to

model a subsurface seepage bed.

Soil.- colums have been widely used to represent the
vertical dimension of diepesal fields and the results have been
found to be representative of the actual field conditions

(29,45,52,77). During the first part of the study, tests were
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carried out with soil col&mns of various sizes. These pre-
liminary tests aided in the planning of the tests of the
model tiie fieyﬁisystem, desdribed.below, and provided a com-
parison -between qolhmn teéts and the laboratory model of an

o

actual tile field system.
' e
* The main variables involved in the soil column

studies were:

. 1) concentration of organic carbon in the kitchen

‘waste;

2) depth of soil in soil column;

3) rate of application. . ) '

.

4.2.2.1. Test Materials

Bdsic materials used in the soil columnar study are
individually described in the following paragraphs. These
materials include the soil sample, .the columnar tubes and the

- feed solution composed of nitrate solution and kitchen waste-

water. ' BN

Scil Sample

-

The soil sample was obtained from the Rideau River
basin,- Municipality of Ottawa-Carleton, Province of Ontario,
'about 10 km 'south of Ottawa (Figure 4.1). There is an existing

sand pit in this area; the soil was trucked to the laboratory.

ey g T
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Fig. 4.1 Location Map for the Soig\gqmple at the

Municipality of QOttawa Carleton
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The soil of this region is bredominantly of atéourse
sand type with very little clay content. Sieﬁe analysis was
done to obtain a grain size distribution for this soil and is
shown in Figure Al, Appéﬁdix A, p.170-(5). Tests for other
parameters were ca;ried_out'as descriﬁed by Bowles (14) and
the ‘results are shown in Table Al, Appendix A, p.172, The
unifcrmity'coefficient and the effective size were 3.36 and

. ) -
0.14 mm respectively.

.

. - )
Soil samples were cleared of vegetation, leaves,
large-size gravel-and other foreign matter before being used

in the gtudy.

il Columns A ' .

.Fifty millimeter internal diameter élear acrylic
éubes were filled with soil materials to represent part of. the
disposal bed; a schematic diagram is.shownwig_pigure 4.2,
Rubber stoppers were used as caps. - These so0il columns were
fitted with a gravel filter at the bottom. The filters were
used -so that thefe‘would be no interference with the infiltra-
tion capaéity or the treatment efficiéncies of the éoil. ~To
reduce any carrY'over'of soﬁﬁﬁgrainé in the effluent, a metal
screen (mesh ﬁo; 100) was placed at the top of the effluent
collector in each column. All the so0il columns were covered
with aluminium foil .on the top to reduce oxygenation of the

soil profile. However, there were always small openings

through which a limited amount of air may haveé entered the
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columns.

L

Twenty soil columns were used in the study (Figure 4.3).
To evaluate the effects of soil depth on nitrate and other para-
. meters, four different depths of soil and five different carbon

»

to nitrogen ratios were used (Table 4.5).

Nitrate Solution

To represent nitrified septic tank effluent, a known

v

amount of KNO3 crystals (J.T. Baker Chemical Co.) was digsolved

into ammonia-free distilled water. A stock solution of 10,000

-mg/L of nitrogen.as nitrate was prepared by éissolving;?Z.ngm“”n
pffKNO3 intoe 1 L of ammo?}a—free distilled water. Daily ‘
stocks were prepared from this stock solution by appropriate
dilution. 0ld. stock solution were replaced with fresh ones
whenever there was a change in the nitrate conc;ntration.

In septic tank effluents a £ypical congentration of
NH4-N is found to be around 25 mg/L as shown ;n Table 4.6.
Th@s nitrogen is oxidized in an aerobic environment while
going thrbth the soil profile and is transformed)into
.nitrate. Sincé it is a reasonable assumption to have 25 mg/i
of nitrate nitrqgen in'thé nitrified septic tank effluents,
the concentration of nitrogep as nitrate in the feed solutions

was reduced to 25 mg/L in. all the experiments by proper

dilution.

- o



Fig, 4.3,

Arrangement of Soil Columns




Table 4.5.

'  vo s Al
Soil Depths and Carbon to Nitrogen Ratios Used EO¥iES¥
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Various Columns

L s
g
~iet

Column number Soil depth Carbon (as methanol)' to
. {mm) nitrogen ratio
1 - 150 2:1
2 150 3:1
3 150 4:1
4 150 . 5:1
5 150 6:1
6 250 2:1
7 250 3:1
. -
8 250 4:1
9 250 5:1
10 250 6:1
11 _— 350 2:1 .
12 | 350 3:1
13 350 4:1
14 350 5:1
15 350 6:1
16 450 2:1
17 450 3:1
. 18 456 ‘4:1
" 19 450 5:1
20 450 6:1

-

P
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Table 4.6. Characteristics of Septic Tank Effluent (69)

Characteristics . . Concehtrations
Org. nitrogen | 10\ mg/L
NO,-N o o ' 0.003 mg/L
NO,-N . © 0.15 mg/L
NH , -N . 25 mg/L
K ' 10 - 15 mg/L
Na "up to 100 ﬁ;/L
Phosphate - 20 mg/L
Sulphate 50 mg/L

. Chloride 70 mé/L
ABS _5 mg/L
Alkalinity | | 300 mg/L -
pH - 7.0 - 7.5
BOD, (20°C) ' 130 mg/L
\Dissolved Oxygen. _ ¢ mg/L
&emperature 75°F

Total SS 40 mg/L
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-Kitchen Wastewater

’

. Wastewater from a domestic kitchen was obtained

shown in Tablp 4.4.

Feed Solytion

Synthetic feed solutions Were used thfoughout the
study. Nitrate solutions wefe mixed with kitchen wastewater
to produée the desired carbon. to nitregen ratios. They were
mixed iﬁlprédétermined quantitites to produce five levels
of C:N ratios ranging‘f;qm 2:1 to 6:1 (Table 4.1); The
characteristics of each feed solutionrwé;e determined prior
to the loading. Organic carbon is calculated and expressed

as methanol throughout this stde.

4,2.2.2 Dosing of Scoil Columns

Each soil column was dosed independently thfough
the o@ening on top with the specific feed solutioﬁ. It.was‘
done éaﬁly with the help of a buret which was filled to the
required level (predetermined application rate} and allowed
to discharge the'influent on top of the soil. This was done
carefully’usiné a long tube so that the top of the soil was
not disturbed. -The time required toﬂload all ihe columns was

around one hour. The top covers of the columns were replaced

Y
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immediately. No attempt was made to reduce the oxygen con-
centration in:the influent. Sufficient free board on top of
the_soii was provided to facilitate the dosing operafioﬁ.
Each soil column was sﬁturated with the respective feed
solution at the beginning of the first loading and thereafter
the columns were doseq aécoraing to the approériate-applicatidn
rafe.
. ]

The application rate fS& all the columns was'zpo-mm
per week for the first 20 weeks. Thereéfter, the rate was in-
creased to 420 mm per week -and continued for 8 weeks. " The
vplumeé of effluents which were colleéted'at.ﬁhe bottd% were
‘adjusted by using screw clamps to control the outflow so that
it wés equal to the inflow. Vo}umetric cylinders were used
to measﬁre the effluent volumes before transferring them to
the respective sampling bottles., This process was carried
out immediately after £he dosing operatibn'and,the effluent
line was clamped back tightly. All the oéerations were

carried out manually.

4,2.2.3 Collection of Samples and Analysis

Every week samplés were collected at the bottom of

each column for 28 weeks. Attempts were made toc analyze the
samples within 48 ﬁours, and all analyses were completed with-
in 72 hours of sample:collection.1 The samples were stored in

-

a refrigerator'(<4oc) before analysis.

‘
..AAJ,-J-“""—_ -
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. Charackerization of this wastewater and of the

treated effluents was made based on the following parameters:

1) PH, “2) suspended solmds, 3) soluble organlc carbon,

4) nltrogen compounds, 5) alkallnlty, 6) chemlcal oxygen .1
|

-demand and 7) dlssolved oxygen.
' -

R : . * s

In general, methods outlined in "Standard M&thods"’

iy

- e e
e PR S P BT W Lt

(80) were followed for’the chemical analyses. The methods

used in the determination of each paiameter are indicated

£ S S S
.

]

" below. S - _ ' . )
PH .
PH was determined electrometrlcally u51ng a dlgltal

> 1

PH meter (Section 424 of “Standard Methods")

ST U S
. :
.

Suspended Solids

-

Total suspended solids were determined by the glassﬁ

‘

fiber filter method (Section 208D of "Stahdard Methods"). i

Volatile Suspended Solids

The glasa fiber filter with the shspended_solids
was igndted in a muffle furnace at 600°C for 15 minutes and

the wemght loss was reported a§ volatile suspended solids -

(Sectlon 208E of "Standard Methods"}.

. Dissolved Oxygen

Dissolved oxygen was measured by the membrane a,

electrode_ngfhod (Section 422F of "Spandard Methods"); Lo ﬁ
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B T Total Soluble Organic Carbon _; o o

-

TSOC was measured using Beckman Model 915; TSOC

Analyzer (57,73) (Segtion 505 of "Standard Methods") .

Qrganic Nitrogen.

Organic Nitrogen was detefmingd in a KJELTEC III
r ' . . : B el
system (83). This is a further development of- the conven-
tional'Kjeldahl method. The analyticél prihéiple.is the same
although the technique has been altered résulting in a much more

rapid test procgduie and higher capécity.

N

Ammonia Nitrogen
Ammonia Nitrogen was determined by Kjeldahl method
at the beginning (Section 418-bf "Standard Methods"). -Dis-
tillation, followed by t%tratién waS'uséd in the estimation.
Gas electrode. method was also found to be .fairly accurate and

was adopted for its rapidity during the later stages of the

. -

. study. o

" ‘g&

Nitrate Nitrogen

-

Brucine method (Section 419D of "Standard Methods")

~_\\ras‘used for- nitrate measurement.
' :

i

Ancillary tests were also carried out in the determin-

, : .

ation of nitrate nitrogen using the Orion Model 95-10, Nitrate
Electrode (62) as described in

Section 4193 of "Standard Methods".
! - .

»
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The results compared favoﬁraﬁly with the Standard Brucine
Method for acquracy‘and reliability+" Thereafter the Nitrate
Electrode Method was adopted as a regﬁlar analytical method for
the étu&y. Calibration curves used in various tests are

furnished in Appendix B, pp. 176-183.

Nitriﬁé'Nitrogen

Nitrite Nitrogen was determined by Diazotization

method (Section 420 of “Standard Methods") .

Alkalinity

Titration methods (Section 402 and 403 of "Standard
Methods") were used to determine. total alkalinity (pH 4.6) and

the results are reported as CaC03l~

Chemical Oxygen Demand

The dichrdmate reflux method (Section 508 of

"Standard Methods") was adopted for measuring COD.

4.2.3. Study with the Tile Field

4.2,.3.1. The Setup

A small scale tile bed was constructed in the labclaratpry
to simulate field conditions. The experimental setup used in.

the study is described below.

Desigp .and Installation -

A tank was built in the laboratory from aluminium

e

L e
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sheet metal. - The size was 2400x1200x1200 mm high (Figufe-4.4).

This was used as the ﬁhysical boundary of the test bed and had
one side Mmade of transparenf plexiglass. Once the tank was
builﬁ; it was checked for water leakege. After the joints
were sealed properly, the éank was fflled with the soil

" material (the saﬁ%)soil as used in the soil columns). Gases.
_(ﬁainly.nitroggﬁT.Ere produced during denitrification. To
facilitate the escape of these gases, e}éht l2—mm'diameter
piastic pipes were laid along the width'of the tank ae shown
in Figure 4.5. The lower limb of each of these gas collectors
was perforated and was.covefed witp fibre glass tapes to pre-
vent clogglng from soil. The'vertical section was not per-
foraqéd and was raised beyond the ground level into the
atmosphere. To‘lncrease the contact. area, the lower llmbs of
the gas collectors were placed at approximetely 10° with the
bottom of tﬁe tank. A longitudina; section of the tile field
is shown in Figure 4.6 where, for sampling ports, the tank

was divided into 4 sections along the length. Twenty sampling
'ppints were selected, including four at the bottom of the tank,
and these sampling poihts were'eveniy distributed in all the
four sections at various depths. Eiguree 4,7 and 4.8 show the
exact locations of_these sampling points.. To collect samples
from these points simpie gravity samplers were installed. The
gravity samplers were made of plastic funnels 200 mm in dia-

meter and 150 mm.high, packed with a depth of 50 mm .of gravel

(Figure 4.9 and 4.10). N¢lon tubing of 6 mm diameter was

e et
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O 50 mm Dia. Tile
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v (:::L_ 50 mm Dia. Tile
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Fig., 4.9, Gravity Samplers (Plastic Funnels).



Fig, 4,10, Top View of the Samplers
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o~
connected to the bottom of each funnel to carry the samples
to the outlet. These tubes were passéd through fhé bottom
of the tank and tagged with a number identifying the location
of the sampier. After the gas‘coliectoré and the sampling
devicés were installed the tank ‘was filled with the soil.
To ensure that the funnels remained at the proper i0catiohs
during the filling operétion, they were tied to the -top
cross-members with ‘wires. Thé gas collectors were manually
held in the proper positions during the filling operation.

. Y
The experimental tile was perforated pipe 50 mm in

diameter and 2400 mm long. The installation followed closely

the specification given in "Manual of Septic Tank Practices"

Aers o

(53). The details of the test tile arrangement are shown in

Figure 4.11. The slope of the tile was 1 in 50.

After ~the tile was laid the trench was properly
backfilled to ground level. A small piece of the same PVC
pipe was joined to the tile at 90°.and was brought above - the
ground level. This Wwas.used to dose the tile with'the hélp

of a funnel and feeding tank as shown in Figure 4.12.

The application rate was 80 L/mz/d.‘ The feéd '
.solution containing C:N ratio of 4:1 was‘prepared daily in
large:gply?thelyne‘containers.before éraﬁsferring it into
'the:feeéing tank. fhrough a gate valve situated at the out-
let in the feed tank this feed §oluti¢h was discharged into

the’tile. The whole loading operation took about an hour.

P

e ek e
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:l

L 120 4100, 200

a

. ‘'Cross Section

7 Fig. 4,11, Details of Test Tile
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s

-

Fig., 4,12, View of the Tank Showlng Sampling Ports,
Ggs Collector Oytlets and theé Feed Tank




“iw

- the effluent flow was equal to the influent flow-on a dally

‘lhle to vary the depth of the water table. Three levels of
L :
1
‘levels were such that some of the sampllng p01nts were expected ‘ ?
!

: cases, dollectlon of sam ple: at ‘these p01nts was not poss1ble

below the_grohnd level and all the Sampling ports from 1 to

| B
63 - t | L

N
a

-

A conventlonal tap was 1nstalled at the bottom of the tank

(below the lower end of the tile) ~and was used as an outlet. \ 'y

After the 1oad1ng operatlon the outlet tap was used to dls—

charge effluents from the tank. A graduated cylinder and a
. ‘

stop watchﬁwere used to calculate the discharge through the .

outlet; the requlred time for d;scharge was calculated so that

e

basis. v

‘..,u-._luﬁ»-'.u-"‘n.m.n“.-,-,‘_-_g,. PR e

3

- 4.2,3.2. Details of Sample Collection' and -
: Variation of the Water Table in the
Tile Field

] . 5

Since the tile was enclosed in a tank, it was pose—
N - J . =

water table were chosen and are shown in Table 4.7. These

to be in the uneaturated zone at all‘%lmes. However, in most

_‘.‘,- AR

even when external suct applled. Once the water table

reached a predetﬂﬁmlned depth, 1t was maintained for two months

™

by adjustlng the outflow to be equal to the 1nflow. A measuring

- stick was 1owered through one of the gas collector plpes to

monitor .the depth of the water table Sample collection detalls are

shown in Table 4.7. Sampllng ports 17, 18, 19 and 20 did not

collect any sample durlng the 13

'-“ﬂ9e°perlod of 1ghe?§i§atlon.

During February and March lQBl}'the water table was 450 mm

Y

R
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16 collected samples regularly. The water table was subse-
quently lowered to the depth of 650 mm and percolates were .
collectgd only in ports 1 to 12. For water table at 800 mm

. below ground level it was only possible to collect enough

sa@ples from ports -1 to 8 on a regylar basis. Only on 4
occasions “did ports 9 and 10, situated at 10 cm above the ;
water table, yiele larée enqugﬁ samples for nitrate analyses.
Each week samples were collected from the various
"sampllng ports. Each tube was allowed to draln for a brlef
period before the collection of the sample. The samples were

’

~stored in a refrigerator;(<4oc) before analysis, ‘ : “—ng

The analytical determination of the‘concentrations -

of all the parameters and the respective analytlcal methods

were the same as those outllned prev1ously.
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} -~ CHAPTER 5
. ' [ !

RESULTS AND ANALYSIS . . : ]

s e

The entire experimental work has been divided into two

IR
PSR

sections according to spéc}fic objectives. These sections are:

1) a study with soil columns; _ ' ;
2) a study with a laboratory model of a tile

installation.

. . \- ° -
The first part of the study was carried out with soil columns
under controlled laboratory conditions using kitchen wastewater
as the source of organic carbon and to determine criteria for

the subsequent study using a model tile installation.

5.1. Study with Soil Columns

Specific objectives of this study were:
. . ‘
- to obtain the percent removal of nitrate, ni-

trite, ammonia, TKN, chemical oxygen demand, dis- .
solved oxygen, soluble organic carbon, suspended
 solids in various soil columns. using kitchen y/’/

. waste as the source of organic carbon;

¥
, - to obtain an optimum ratio of carbon to nitrogeq

for successful denitrification for subsequent use

ln the model tlle study. .
- . —— I

™= to find the relatlonshlp between the soil depths

ﬁ
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and percent remcval of nitrate, TKN, chemica} oxXy-

gen demand, dissolved oxygen, alkalinity, soluble
organic carbon and suspendéd solids.

~

. Physical characteristics of the soil columns and;the
various C:N rétios used in this study have been shown in Table
4.1 (Chapter 4). The kitchen wastes were ahalyzed for nitrogen
compoﬁndS'and organic. cgrbon coatent before being addéﬁ'to the

.

respective feed solutions to produce final C:N ratios as shown

. in Table 4.1. The sqil column experiment was carried out for

28 weeks. The raw kitchen wastewater characteristics are shown
N

.in Table 5.1. For the first 5 weeks the characteristics were

ﬁetermined on a weekly basis . with the exceptioh7of‘SOC'which was

done everyday before prepafing the feed solutions. For the rest

of the period the analyses were done once a month. Levels qf pH

<

in the kitchen waste ranged from 5.3 to 7.2. Tests for acidity

.were not done., Results for alkalinity for the kitchen waste

show éhat the total alkalinity (méthyl orange end point 4.6) N
varied from 120 to 200 mg/I, as CaCO,. COD values were fairly

‘high and sc were the cqncgné;ations of soluble organic carbon.
Nitrite.and nit;ate were not detected during this study. Small

améunts of NH3 were found in five samples. Most of the nitrogen

was in the form of o:ganic nitrogen.' Dissolved oxygen levels

were a little bélow saturation in all the sampleé. Total sus- -
pendéd solids varied from 60 to 175 mé/L. Prior to the tests,
the kitchen waste was allowed to settle for at least two hours ﬁk

and the floating scum was removed before'collecting the

- . Cd

" : = *
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e

'supernatanﬁ for analyses.

Five different feed solutions were prepared each time
for loading purposes. fhey were prepared to produce various . \

carbon to nitrogen ratics. Since the determinht§gn of the

~

e LT

treatment efficiency of a soil column’ waBs _based on the charac-
teristics of the f9:§ solutions and the cbryespondingrtreated

effluents, all- the feed solutions were analyzed for the various

parameterg. Thesevchqradteristiéj/ifg given 'in Table Cl in

Appendix C (p.:185). .' i . N

The treated effluents from_the soil columns were an-

. 2l ¢ -
alyzed every week and are shown in Tables C2 and C3 in Appendix
. . ) ~
C (pp. 199-219). - )

5.1.1 Variation of Parameters in Soil Columns
- )

Analyses were made to determine the variation in the
efficiency for various parameters in the soil columns with re-
spect to time, organic carbon applied and soil depth. These re-

sults érefdiscussed in the following paragraphs.

. - Percent. removals of nitrate are shoﬁn in Tables 5.2 t
-5» 57 these have beeq caloulated frém the effluent nitrate levels
given in Tables Cé'and CB,-Appendix C, and the constant influent
nitrate lével of 25 mg/L, usgd for all soil célumns. As men-,

: tioned before; the application rate was increased after 20 weeks
. . » *\ . .
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'

Table 5.2.. Removal of Nitraté in 150 mm Soil Columns

' Applica-.  Time ) Percentage removal of nitrate (%)
-tion Rate (week) ' . - :
(mm/wk ) : © CiN=2:1 C:N=3:1 C:N=4:1 C:N=5:1 C:N=6:1
1 T24 T 32 40 40
~ 2 36 36 " 60 72
3 30 80 94 93 95 ~
4 26 74 88 91 . 90 ?
5 24 64 .92 92 k\ 93 ;
6 24 80 90 92 95 f
¢ 7 12 76 - %0 94 96
T8 24 70, ‘88 ' 92 92
9 12 76- 91 " 94 94
200 10 24, 70 - 89 91 = 94
1 20 " 68 88 . 92 90’ .
12 - 200 74 92 " 94 90’ .
13 ‘24 68 - 92 90 93 o
14 20 72 96 94 92 i
15 12 67 88 92 92
16 25" . .77 88 88 94’
17 20 .72 90 90 96
‘<18 . 20 . 68 91 92 96
19 » 20 68 91 T92 93
20 . 22 64 88 .92 89
T o210 20 76 . 91 92 94 B
22 1 - .M 92 93 93
23 4. 14 90 N 92 93 |
0. B 12 m 87 L 92 -
: 25 4 72 .- 86 93 94
26 4 - 76 - 88 87 94
27 ¢ % ' 68 .92 92 - 94

28 - .8 T 87 90* 88 <?Q .
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Table 5.3. Removal of Nitrate in 250 mm Soil Columns
Applica- Time . * Percentage removal-of nitrate (%)
" tion rate (week) . -
(mm/wk) C:N=2:1 C:N=3:1  C:N=4:1 C:N=5:1 C:N=6:1
1 32 .32 24 52
C 2 0 64 56 72 68
.3 30 79 91 - 90 .. 92
4 23 73 90 .93 94 o
5 24 72 93 96 92 f
6 . 20 72 - 92 95 .. 94
,{fJJ o221 74 94 92’ 93
.8 23 71 90 - 927 96
' 9 18 75 r//} 91 92 95
200 10 20; 73 93 93 92
11 22 74 - 93 94 95
12 3 72 90 91 95 1
13 23 76 92 92 . 91 S
14 20° 76~ 92 94 93 ’
15 19 73 90 93 94
16 21 75 93 . 94 95
17 22 74 93 .94 . 94,
18| - 24 76 . 92, 94 94
19} / 21 " 68 92 92 95 _
20 21 69 . 91 93 9% .
21 . 22 73 92 93 94
22 22 75 93 90 : 95
23 23, 76 © 93 95 . 93
420 24 25 1292 . 93 . 95
25 24 71 90, © .97 94
26 20 76 94 94 ol
do21 18 74, 93 .93 94
- 28 23 76 93 "92 93
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Table 5.4. Removal of Nitrate in 350 mm Soil Columns
Applica- Time’ . Pei:centage removal of nitrate (%)
tion rate (week) - —
{mm/wk) C:N=2:1 C:N=3:1 C:N=4:1 C:N=5:1 C:N=6:1
1 48 . 36 52 52
R 2 - a8 72 64 80
3 27 82 92 95 94
4 24 77 95 93 94
5 21 83 95 97 98
6 22 81 ggf/’“ 97 .97
7 23 72 9 92 97
8 26 79 94 95 95
' 9 22 79 94 96 ©96.
200 10 .21 77 92 96 92
11 23 82 95 95 .. . 96
12 22 80 94 96. 97
13 22 83 95 95 96
14 23 81 90 93 95
15 25 79 96 96’ 96
1§ 25 80 95 94 97
17 20 81 .94 95 95
L 181 21 78 93 95 97
19 23 78 95 " 95, 97
’20 25 * 81 24 96 96
‘ 21 22 ‘80 93 95 96
. 22 23 79 93 94 97
23 22 80 : 95 92 97’
420 24 24 83 95 96 96
- 25 22 81 94 96 95
26 26 79 ~oa 95 95
- 27 22 81 95 95 97
28 21 .83 95 - 95 97
' | L

i B el . - .
S i

(LI R
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Table 5.5# Removal of Nitrate ié 450 mm Soil Columns

Applica- Time ' "?efcentage removal of nitrate (%f
tion rate (week) — .
(mg/wk) C:N=2:1 C:N=3:1 C:N=4:1 C:N=5:1 C:N=6:1
1 .8 .48 44 52 52
2 . 32 76 60 80
'3 32 86 96 96 96
o 4 25 79 95 96 . 98
5 26 85  © 967 97 97
6 21 84 95 - 97 98
7 26 N _84 95 - 95 96
8 .27 82 . 96 96 98
9 28 83 93 95 - 97
2000 10 24 . 83 94 97 ° 98
1T 25 .8l 95 97 96
' 12 27 84 95 97 98
13 29 79 9 . 97 95
14 23 80 95 95 94
15 26 81 94 97 97
16 25 80 ‘96 96 - 98
17 27 79, 95 95" 98
18 27 83 92 . 96 96"
: 19 26 . 83 97 L97 .96
W\ 20 25 84 97 96 97
. — . . ‘
~ . n :
21 27 79 93 92 98
22 28 84 92 96 96
23 26 83 94 95 96
420 24 27 .82 % 97 98
25", 25 80 95 . " 97 .98
26 26 79 96 98 97
o : - 27 29 . .- 8l 94 S 94 96

28 24 Bl 95 94 96 -
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from 200 mm/wk to 420 mm/wk and the tests were continuedlwith-
out interruption fer another 8 weeks. Tt can be seen from the
results that the average time required fer_the soil columns to
produce consistent treatment efficienEies was approximately two,
weeks. Inltlally the removal rate was low in all the columhs.
However, - columns dosed with feed solutions contalnlng hlgh C-N
ratios showed increased removal rates after the first week.

Flgures 5.1 to 5. 4 show’ the varlatlon of two—week means of per-

cent nitrate removal for 16 weeks for the four soil deeﬁhg The

‘data for these figures are tabulated in Tables D1 to D4, Appen-
dix D, (pp. 257-260 ). After the first two weeks all the soil

columns‘removed nitrate from the influent consistently.! A C:N,

ratio of 2: l failed to produce more than 29% removal of nitrate. ..

The next hlgher ratio (C3N=3:1) was more efficient and the re-
moval rate reached a hlgh of 85% for the 450 mm soil columna A
C:N ratio of 4: 1 or higher resulted in a high removal of nltrate
in - all"’ the soil columns. It has been reported that a carbon to
nitrogen ratlo of approxlmately 3:1 is sufficient to complete
denltrlficatlon when methanol is used as the carbon source (85}
From the results it is clear that for this kitchen waste, the
Lminim&h ratio necessary for sucqessfur dehitrification in the o

columns is 4:1.
) Q: -

»

rable DS, Appendix D, (p.261) tiijlatesthe data
w ch deplct varlations of overall average nitrate removal with
es

r

.

ted in Figure 5.5. Since the system was not stabilized unt11

to goil depths and C:N ratios. These results are plot—‘

i
i
i
i
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NITRATE REMOVAL
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"the- third week of‘bpefat;on; results of the-firsE;two weeké were
q9£ uééq in khis éaicui;tion.. It is obv}ous from Figure’S.S
tﬁ?F'the dépth of ;oll shows very‘liétlé,gffect on nitrate re-
mbwéi"iﬂ this éipéfiméht."*ihiso hm di;metef tubes, a depth of
150 am was sﬁfficieﬁt t; pgbduce a ébnducive environment fér de-
nitrification. A C:N ratio higher than 4:1 did not influence
tﬁe overall nitrate removal significaﬁtly and the differences
were often 1e57 than 5 pe}cen} for the same depth of soil. It.

can be” concluded that available organit carbon was the limiting

' factor in denitrification for thosé columns fed with C:ﬁlratios

less than 4:1.

After 20 weeks of operation the application rate was
increased to 420 mm/wk (1.8 g/d/ftz). This was dohe to observe

the éffect of a higher loading rate on denitrification. Ftom

the.dafa given inLTables 5.2 to 5.5, mean nitrate removals were '

calculated and plotted in Figure 5.6. (Data are given.in Table
D6, Appendjgx D, (p. 262 ). A comparison 5e£ween Figufes-s.s and
5.6 reveals that the mean values of nitrate removals are very
similar in all the columns for both the application rates, ex-
cepting one 150 mm soil column which receiyed a_2£l ratio. This

particular column produced only 9 percent removal"whbreas the

same column when dosed at the rate of 200 mm/wk produced-2l pef=J

cent nitrate removal. Barring this, the higher application rate
w .

of 420 mm/wk is found to have very little effect on nitrate re~

moval. However, as before, the shallower depths in genéral pro-

duced slightly lower values than the deeper ones.



NITRATE REMOVAL (%)

100

T0

80

50

20

Fig., 5.6, Mean Removal of Nitrate Over 8 Weeks

”

-

DEPTH OF SOIL COLUMN

160

M 150 MM
® 250 MM
& 350 MM
-~ ® 450 MM
1 ! ! I N | J
20 ¢ 40 80 80 " 100 120 1 40
SOLUBLE ORGANIC CARBON (MG/L}
« 1
| | | | 1
1 2 3 4 5

CARBON (AS METHANOL) TO NITROGEN RATIO

- Application Rate = 420 mm.

T b T e e A

e o 8 b b 8 e Y



Nitrite
A

Tests for nitrite started from the secoﬂd week of the
investigatien. During the second week all the column effluents

showed preseﬁce of nitrite.: From the third week of operation

» L}

nitrite was not detected in columns where the feed solution con-
tained a carbon to nitrogen ratio of 4:1 or higher. Stable,
near-eomplete, denitrification may be the reason for thlS phe-

nomenon. Therefore, after 8 weeks of investigations these col-
um;’effluents were not analyzed for nitrite. Columns receiving
2-1-aed B-i levels of carbon to nitrogen ratios showed detect-
able levels of nitrite at all times. Average values fot 20
weeks {excluding the flrst two weeks) of nitrite levels and cor-
responding 1evers,of nitrate removal are shown in Table 5.6: )
The individual weekly values from which these averages are cal-
culated are_given in Tables_cz and C3, Appendix C. Apparehtly y
the soil'columns receiving a 2:1 ratio transformed a small
amount of nitrate to nitrogen gas. The remaining.portion of the
nitrate which did not show in the nitrate tests was reduced to
nitrite. A ratio of 3:1 reduced most ?f the nitrates:uhowever,
a small amount of nitrite was always detected in the treated ef-
fluents. Collection and analysis of gas samples were not done
in this investigation and therefore a balance of nitrogen com- .
pounds is not possible. The results show that “the presence of
nitrite may have ; very limited effect,-ff any, on the denitri-

fication system. This is very important because in a practical -

subsurface denitrificatioﬂ system, due to the uncertainty of
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wastewater flows, chances of nitrite production are high.'

A >

Tests for nitrite were continned'when the application
rate was increased to 420 mm/wk.‘ Table 5.7 depicts the.mean
values for 8 weeks of study. Again, columns recemvxng C:N
ratios higher than 3: 1'did not show any presence of nltrlte and
were excluded after the first week. The soil column with 150 mm
depth shows'only'B percent of nitrate rembvel when fed withlgzl
" C:N ratio. In some of these cases the total nitrogen (nitrate +
.nitrite) levels often exceeded.the total inorganic nitrogen
- present in the feed splutions {25 mg/L NO —N), Treated samples
from soil columns dosed w1th 2:1 and 3:1 feed solutions, re-
spect1vely, were analysed for nitrite prlor to the nitrate
tests. Therefore, nitrites present in the samples preserved for
nitrate tests may have been oxidated to nitrates. These dis-
crepancies may also have been causea by reeeration dnring col-
lection of samples and by errors in the analyses; furthermo;e,
(Portion of the organlc nitrogen present in the feed sclutions
may have been transformed to either nitrite or nltrate and pos-
sibly have affected the nifrate balance. It is clear that if
the ‘nitrate removai' is considered as reducing nitrate to ni-
trogen gas, the actual levels of effective nitrate removal are
somewhat lower than the values given so far. Effective nitrateb
remova¥ can be calculated by including the nitrite.levels with
the various levels of nitrate removel for the columns which re-

ceived feed solutions of 2:1 and 3:;; respectively; these new -

values along with the rest are shown in Table 5.8. These are
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plotted in Fiqures- 5.7 and 5.8 and the higher application rate

is found to reduce the effective nitrate removal by around 10

\percent from the values cbtained by the lower application rate :>

when the feed solution contalned 3:1 carbon to nltrogen ratio.

For comparison, all the curves shown in Flgures 5 5 and 5.6 are
also shown here. With the inclusion of nitrite, C:N ratios of
2:1 and 3:1 show much lower nitrate reduction levels compared

to the\reéults obtained by using C:N ratios of 4:1 and higher:

This has also been noted in other studies (54) Effects of soil

depth are also more pronounced when insufficient carbon is pro-
vided to the denitrifying bacteria. For example, a depth of

450 mm resulted in removal of 16 percent more nitrate than the

'150 mm soil column under similar conditions (C:N ratio of 3:1).

'-l
This may have been caused either by the presence of extra or-

ganic carbon in the deeper soil because of its larger volume or
by the creatidﬁ of a ﬁore conducive environment for denitrifiers
in a larger soil column, or a comblnatlon of both. After car-
rying out denltrlflcatlon in a soil column,. Magdoff, et al

(52) also reported increased efficiencies due to the extra or-

ganic matter present in deeper soil profile.
Ammonia

Amﬁonia_was not detected during this iﬁvestigation .
and was omitted from the scheéPle of analysis after the qhiré' .
week of operation. One of the reaéons may have been t@e low
levels of TKN present in the synthetic feed soiutions. In an

actual field condition, however, it may be expected that some
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amOFnt'of ammonia will be detected in the effluent. -

Total Kjeldahl Nitrogen (TKN) o

TKN was determined both for the'feed-soiutions and
the treated effluents on a regular basis. Table 5.9 shows the
average levels of TKN present in thé feed solutions, the;treated.
effluents and the amount gained by the soil during the studj, as
-derived from data of Tables Cl, C2 and C3, Appendik C. Almost
all of the TKN present as shown in Table 5.9 is believed to be
. organic n&trogsn. The fate of ofganichnitrogen;in the soil.is '
not well understood. HowevEr, it is believed that some of the
.organic nitrogenlwas trénsformed to ammonia ox ammonium ion.
?resumably, part of this was volatilized, some was incorporated
intotthe cell growth.mechanism'and the rest of the ammonium ion.
may have been oxidized to nitraté. These presumed :eactioné,
coupled with the slight gain of‘organic nitrogen in the soil it-
self, may,expiain the overall decrease of the organic nitrogen

_in the treated effluent. on a percentage basis, reducticn of

. TKN varied between 0 and 58 percent. Figure 5.9 shows the vari-

ations with respect to C:N ratios for various soil depths.
Levels of reduction in soil depths greater than 150 mm ;re in
the same range whereas in the 150 mm soil depth the deérease
was less than 36 percent. In general, a higher C:N ratio pro- ‘
duced a higher reduction in TKN than the lower ones. However,

Walker, et al (92) carried out some field studies where the .loss

of TKN was found to be much higher than fhe values obtained in
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Table 5.9. Mean Levels of TKN Present in Feed Solutions and
Column Effluents Over 28 ‘weeks
‘ column  C:N - ' TRN
NO.
Feed solutions Effluents " 'Decrease
(mg/L) ‘ {mg/L) (%)
1 2:1 2.6 2.6 0
2 3:1 3.6 3.4 6
¢ 3 4:1 5.3 . 4.0 .25
4 5:1 6.4 4.7 Co27
5 6:1 7.7 5.4 30
6 * " 2:1 2.6 L 2.2 .15
7 3:1 3.6 | 2.7 25
8 4:1 5.3 ' 3.0 43
9 5:1 6.4 3.4, a7
10 6:1 7.7 4.3 .44
11 -2:1 . 2.6 1.6 39
12 3:1 3.6 } 3.0 17
13 4:1 5.3 ) 45
14 5:1 S 6.4 - 3.‘6' 44
15 6:1 7.7 : 3.9 38
16 2:1 2.6 1.9 s . 27
17 3:1 . 3.6 2.4 33
18 4:1 5.3 2.8 . 47
19 5:1 , 6.4 2.7 58
20 6:1 7.7 3.2 58

Note: Initial average TKN levels in the soil was 1.2 ug/g and final TKN '

levels in the columns 3,8,14520 were 3.4, 4.2; 3.6, and 4.2 ug/g,
respectively. P .

B T U S
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this work. They reported a decrease of over 80% at a depth of
200 mm of soil. On the other hand, in a laboratory study _
Magdoff, et al (52) reported only a SO\Sfrcent reduction of TKN at

a deptﬁ of 550 mm of soil column. <
- r/ N *
x
COoD

COD levels in all the soil column effluents for 28
weeks are tabulated in Table C4 in Appendik C (p.zzz ). Tables
D7'and D8 in Appendix D (pp. 263-264 ) show the mean COD removal
for application éates of 200 mm/wk'a;é 420 mm/wk,réspeé%ivély.
Removals of COD for the appl}cation réte of 200 mm/wk are_plot;
ted in Figure 5.10. Test data on COD and also COD removals are
tabulated in ?ables Cl to C4, Appendix C and Tables D7 and D8,
Agpendix D. A soil depth of 150 mm produced the lowest percent-
. ages of COD reduction xanging from 41 to 62%. The maximum re-
duction achieved for a soi1 depth of 250 mm was 79%. Ninety
percent‘reduction was obtained for'bégp soil depths of 350 and
450 mm when the influent C:N ratio was 6;1. It can be obsérﬁed
that curveé plotted for higher C:N ratios always produced a
slight increase in the removal rate of COD for the same soil
depth. This may have,been.caused by the fact_ihat feed solu-
tions with larger C:N ratios had higher COD values resulting
from fhe presence of a greatef proportion of kitchen waste.
Using a soil column‘bf 1000 mm length, Magdoff, et al (51) found
nearly completé COD removal for both saturated and unsaturated

soil conditions.

-
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Figure 5.11 illustrates the present CoD remdval for
appiication rate of 420 mm/wk. By comparing'Figures 5.10 and
5.11, it can be seen that the removal eff1c1enc1és were almost
identical for 5011 depths of 350. mm and higher. However, an
increased application rate affected the COD removal efficien-
cies for soil depths of 150 mm and 250 mm} respectively. For

. [ ‘ w .
both depths the efficiencies were lower for the higher appli-

cafion rate and the differences ranged from 4% to a high of 17%,

It is clear that the depth of soil in a shallow tile field be-
comes more important for COD removal as the application rate

increases. : ' .

Dissolved Oxygen

Column effluents were also tested for d}ssq}ved oxy-
gen concentrations (Tables C2 and C3, Appendix C). Mean values
for various levels of DO for boeh application rates were cal;
culated“separately; however, the application raée was found to
make no appreciable difference. Therefore, results of 28 weeks
were used to calculate the overall mean values shown in Flgure
5.12 and tabulated in Table D9, Appendix D. Both higher C:N
ratios and larger soil depths_appear to favour reduction in
dissolved oxﬁgen concentration. Feed solutions were not de-
Voxygenated in this study. However, the'effect of a relatively
high concentration oflaissoived oxygen in the‘feed solutioﬁs on
f?ﬁhﬂ denitrification process appeared to be %nsignificant. For

) : § . i
example, a feed solution containing %5 mg/L (C:N=3:1) of
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soluble organic carbon removed 60 percent of applied nitrate
-(Table 5.8, p. 86 ) in a 150 -mm soil column where the average
concentrationr of DO wa§ 3. l mg /L. Theoretically, facultative
heterotrophic bacteria should consume all the oxygen before
using nitrate as electron acceptor. In a soil column the environ-
\mental condltlons may not be homogeneous throughout the column.
Some sectlons Or micro zones in the soil may have experiencedwa
complete reduced state and the oxygen was used up prior to de- v
nitrification. Other Zones may have never reached this level
and oxygen was not fully utlllzed- denitrification may not have
taken place in these zones. However, the treated effluents were
a-combinarion of all the feed solutions which went through these
various environments in the soii colunns. Therefore, the ef-
fluents still had some oxygen left in solution and at the same
time were denitrified to various degrees. Columns fed with low
C:N ratio feed solutlons had more residual dissolved oxygen in
their respective effluents. Lowest oxygen concentrations -in the
column effluents were around 1l mg/L. * Complete deoxygenation was
never encountered even with C:N ratio as high as 6:1. Smith, et
al (77) also observed the same phenomenon even w1th soil columns
as deep as 3000 mm and @ C:N ratio of 3:1 where methanol was
‘used as the organlc carbon. The lowest concentration in that

study was around 0.7 mg/L; a level of 1.5 mg/L of dissolved oxy-

f

:gen was reported at a depth-of 1300 mm.

Alkalinity

Tests _for alkalinity were carried out throughout the

S o~
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study both for feed solufions and the. treated effluents (Tables
Cl and C2, Appendix C). Synthetic feed solucions, as expected,
had low alkalinity. ‘Phenolphthalein élkalinity was not preSent.
Total alkalinity (Methyl orange eqd point) for feed solutions
ranged between 50 and 75 mg/L as CaCO;. Mean values of total
alkalinity for five diffefent C:N ratios in the feed solutions

are giﬁepAin‘Table 5.10. Also, for treated effluents average

ambunts of total alkalinity and corresponding amounts of nitrate

removed are given in Table 5.10. (These data are derived from
the test-veldee of Tables Cl and C2). During biological de; |

’ nitrification bicarbonate alkalinity‘is produced. Stoicho-
metrically 3. 57 mg alkalinity as CaCOB-is produced for eacP mg
of nltrate reduced to nltrogen gas. MNowever, in this study the

ratio’ ranged from 2.44 for 350 and 450 mm soil columns receLV1ng

3:1 (C:N) feed solution to 4.78 obtained for a 250 mm soil col-_'

umn fed with 2:1 (C: Nl feed solution. However, all the soil
columns fed with the C:N ratlo of 2:1 produced very high values.
Errors may have been introduced durlng measurement and con-
sequent computatlons of the nitrate removal for these columns
because of theic low eff1c1enc1ee. A gragﬂlcal representation
is presented in Figure 5.13. ‘For an atcached growth systeo it
has been reporﬁed that thelresulting alkalinity averaged 2.95 mg
es CaCO, per mg of nitrogen removed (85). In general, ratios
obtained in this study are slightly lower than this value ex-

-cepting those cases where feed solutions contained low (2:1)

C:N ratio. Levels of total alkalinity during the 'last 8 weeks

\\\

s e
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~ Pable 5.10. Mean Variation of Alkalinity with Soil Depth and
Removal of Nitrate, Over 20 weeks of Operation - g
Application Rate = 200 mm/wk. ' i

Columm C:N Soil Total Alkalinity as Nitrate Ratio of change

no. depth CaCO3 ‘ removed in a}kalinity
R to nitrate
‘Feed Effluent removed
(mm) (mg/ L) (mg/L) °~  (mg/L)
1. 2:1 150 55 62 1.5  4.67 f
2 3:1 150 60 97 15.0 2.47 ;
3 4:1 150 60 . 117 22.5 2.53
4 5:1 150 62 120 - 23.0 2.52
5 6:1 150 64 129 23.3 2.79 -
6 2:1 250 55 66 2.3 , 4.78 ;
7 31 250 60 100 15.3 '2.861 '%
8 4:1 250 60 122 23.0 2.70
9 5:1 250 62 125 23.3 2.70
10 6:1 250 64 131 23.5 2.85
11 2:1 350 55 65 - 2.3 4.35
12 3:1 350 60 104 ~  18.0 2.44
13 4:1 350 60 126 23.5 "2.81
14 5:1 350 62 127 . 23.8 2.73
15 6:1 350 .64 133 . 24.0 2.88
16 2:1 450 55 69 3.8 3.68
17  3:1 450 60 107 19.3 2.44
18 4:1 450 60 132 23.8 3.03 g
.19 5:1 - 450 62 129 24.0 2.79 1
20 6:1 450 64 135 24.3 2.92 *

w3 >
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of operation at.the higher application rate were very similar
(Table C3, Appendix C). to the results shown in Table 5.10 and are not presen-

ted here. Oxidation of excess GI)(Oozfmomxnd)naylmwe‘nxhxzd aUGﬂjniﬁy.

.t

Soluble Organic Carbon

, .The Sdluble Organic’ Carbon (SOC) was monitored both
for thg feed ssolutions and Ehg treated effluents for all the
columns. For the feed solutions the levels of SOC were pre-
determined. Rélationships between SOC applied and me;n Fesidual
S0C for various soil columné are.shown in Figure 5.14. (Data
tabulated in Table DlO,'Appendix D). These values represént the
mean levels of residual Soc for the entire Etudy (28 weeks) .
Columns with C:N ratios of 2:1, 3:1 and 4:1, respectively, pro-
.auced very low residual carbon levels in thé fingl effluents.
Feed solutions of higher C:N ratios,vég éxﬁected, generated ef-
fluénts with‘slightly higher leyels'of soluﬁle organic carbon.
Depth of soil also influenced the results slightly; for example;_
a soil depth ?f 450 mm when\subjected to.a loading of 5:1 pro-
duced only 4 ﬁ&/l of residual SOC, 'while the same feed solution

2

when applied to a 150 mm soil column had 11 mg/L of residual
SOC. Since a C:N ratio of 4:1 was fﬁund to be sufficient for =~
complete denit?ffication, it was expecited that excess applied
organic carbon would be present jn.the feed solutions with -

higher C:N ratios. However, only a fraction (lgss'than 20%) of /.

.thi¥' excess carbon was recovered and was further reduced for.

larger soil depths. This phenomenon may be attributed to the

i m T
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fact that other heterotrophic bacteria not involved in de- '

nitrification are present in the soil and may have used- a por-

it b B i

tion of the excess organic carbon. Lance (47) observed a

slightly higher rate of recovery of oréanic carbon in his soil ;
. v » ,‘."
columns. However, because of the different envirenmental con- E

-

ditlons which existed in his study a dlrect comparison is not

p0551ble..

Suspended Solids

- -

Tests for TSS and VSS were carried out only five times

~

<

during the soil column investigation. The mean values have been

calculated and are shown in Table 5.11. Each time the samples
included five feed solutions and allthe corresponding treated
effluents from the ‘soil columns. The results. are shown in

Tables Cl' and C2, Appendix C. It can be seen that, contrary to

expectation, the treated effluents quite often contained a higher

level of TSS than in the feed solution, especially for shorter

soil columns. Figure 5.15 reveals that only the soil depth of
450 mm produced any reductlon of TSS for at least four C:N ratlos
and the maximum remqﬁhl was only 31l percent. The levels of VSS
were also hlgher in all the treated effluents ss compared to the
feed solutions. This eould imply that cells were washed away

regularly in the treated effluents resulting in higher solids con=-

‘centrationds. This was also obsarved by Laak (52) in the RUCK
System, when grey water was used as carbon source; the effluent

from a rock filter (denitrification chamber) sometimes contalned

almost twice the level of -suspended solids in the influent.

-

-
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Fig: 5.15. Remgval of TSS for Various Soil Depths
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. Overall Nitrogen.Remoﬁal in the Soil Columns

» ‘-

Table D12 in tﬁe Appendix D,lshows overall nitrogen
removal in the soil column systems for the aéplication rate of
200 mm/wk. The results are plotted in Figure 5.16a. In this
célculation all the nitrogen compounds such as nitrite, nitrate,
ammonia and TKN are taken into account. The maximum removal
was obtained in the deepést soii column (450 mm) and the level
was 87%. This vaiue is siightly less than the high efficiencies
found in the soii columns when only nitrate, is considered. A
C:N ratio ofl4:l removed 79% of the total influent nitrogen
in this study at an application rate.:of 200 mm/wk. Similar
results were also obtained for higgéfdaépliéation rate and there-
fore are not presenied here. A flow diag{gm showing the possible
transformation of various niﬁrqgen compounds in- the soil columns

are depicted in Figure 16b.

hY

Statistical Analydis . ;f' f

A linear regression model was chosen inlthemfétg;of
_Xmﬁmcm¢maixlj¢1aixzﬁ+ a;x4 for the analysiS’klob5,.iﬁélﬁoaeis
were tested ;sing Nitrate as the_depeﬁdent~§ariag#é fﬁ);;5Depth,
DD and S0C were £he inaependent variables in the firét}ﬁgéel and
a very high %oefficient of determinatiéﬂ (R2=0.935) was obtained
(Tab. F1,App. F). In the Second model SOC was replaced by COD without
changing thé other independent variables. This model produced a much lower
value of R (0.547) compared to the previous model (Tab. F2, App! F). It is
clear éhat the general linear model No.l, where SCC,-DO and depth were the

independent variable is a better model in predicting nitrate removal.

AY

-
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5.1,2 Environmental Factors

PH

Feed solutions and the treated effluents were anelyzed '
for éH and the mean levels are -shown in Table 5.12 (from Tables
c1l, c2 and C3 in Appendix C). Column effluents generally showed
a sldght increase in PH levels compared to that of feed solu-

tions. Influence of soil depths seems to be insignificant.

Temperature

e, -
The mean temperature was 24°C with a maximum variation
of + 1°¢c. Because of this very limited fluctuation, the effect
o ’

of temperature was not considered in this study. Ambient weekly

‘temperature variations are shown in Table El, Appendix E, p. 269.

5.2 Study with Model Tile

3

Conszderatlon of the results obtained in the 5011 col-
umn study revealed that a level of carbon to nitrogen ratio of
4:1 was an optimum value for the synthetic feed solutlons for

successful columnar denitrification. Therefore, it was decided

to use only this ratio in the tile installation described in the

following paragraph.

After laying the tile in the tank and installing the
sampling devices (as described in Chapter 4) the leaching bed
- was loaded dally at an application rate of 80 L/m /a (2 g/ft /d)

for 6 months. The feed solution had a C:N ratio of 4:1 and was

P
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Time 5.12. Mean Variations of PH - in the Feed Solutlons and
the Column Effluents

Column Soil ©oCc:N Average pH Average PH Remarks
! No. depth ratio - - of feed of column
"(mm) solution effluent
v . .
. 1 159 2:1 6.8 7.0 Range of pH
' - . levels for
2 150 3:1 - 6.8 7.1 feed salution
. : was from 6.7
3 . 150 , 4:1 6.8 7.3 0o 7.1
4 150 S:1° 6.9 7.3 ‘
: : . L * Rarge of pH
5 . 150 6:1 6.9 7.4 levels for
: . column eff-
6 250 2:1 6.8 7.1 luents was
~ ) . from 636 to
7 250 3:1 6.8 _ 7.1 7.7 ),
. 8 250 4:1 . 6.8 7.2
9 250 5:1 6.9 7.4
10 250 6:1 6.9 7.4
11 350 . 2:1 6.8 N 7.1 )
12 350 " 3:1 6.8 7.2
13 350 4:1 6.8 7.3
14 350 5:1 6.9 7.3°
15 350 6:1 6.9 7.4
16 459 2:1 6.8 7.1
17 450 3:1 6.8 7.2
18 450 ° 4:1 - 6.8 7.3
19 45 5:1 6.9 7.4
20 45 - _ 6:1 _ 6.9 7.4
] .
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" prepared everyday in the laboratory following the technique

used in the study with soil columns.’
The specific objectives of this study were: . -

1) to evaluate the effects of soil depth on the vari-
ation of different parameters, such as nitrate,
.nitrite, ammonia, TKN, chemicai oxygeh demand,
solids, alkalinity and dissolved oxygen using‘a
model tile installafion;

2) to observe the levels of dénitrification below and
above the groundwater tabie. Favoﬁrable results
could justify the direct applicatién 6f the mixed
stream of nitrified wastewater and ki£chen waste’

to a tile field disposal system, eliminating thé

need for an enclosed denitrification reactor.
N . . » .

. . A detailed charécterization of raw kitchen waste was
done regulérly for six monthé and the results are shown in Table
5.13. By comparison to Table 5.1 it can be seen that the levels
of various parameters are similar to ﬁﬁose obtgined during the
soil column studies. Most of the nitrégen was present in the
formlof organic nitrogen. The COD 1evels\ranged from 1700 to
3700 mg/l."_Levels of SOC were also in the éange of 2000 mg/l.
Prior to the preparat%on of 4:1 feed solution each day, exac£
amounts of the SOC. were determined for the-raw kitchen waste to
be used. These feed solutions were analyzed for various chemi-

cal characteristics on a weekly basis and the results are shown

pu
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in Table C5 in Appendix C, p. 231 . The concentration of ni-

trate nitrogen was 25 mg/L.

. p—

Samples were collected every week through the sampllng
ports and were analyzed for various characteristics (Table C6,
Appendix C). The only exceptions were those samples collected
between April 30, 1981 and May 2i, 198l. During this time
period four sets of samoles were collected and the analys%s were
restricted only to the }evels of nitrate. The. tile bed reactor
failed to remove nitrate during this period and a sudden in- |
crease‘in the solids concentration in the effluent indicated
that there was death of microorganisms rn the reactor. These
dead cells of mlcroorganlsms lncreased the VSS concentration in
the effluents substantlally. Although the exact reason for this
uhstability was'not conclusively established, contaminated feed
solution was thought to be the cause. However, the system re-

gained stability thereafter and further tests were carried out

for another two months.

5.2.1 Variation of Parameters with Soil Depth and Time

*

Nitrate and Nitrite

Table 5.14 shows the percentage removal of nitrate for
various soil depths over six months. The results from the first
three weeks were not included 'in the calculation. Actually re-
sults shown in Table C6 (Appendix C, p.?32 ) illustrate that

. v
denitrification started during the first week of loading;
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Table 5.14. Effective Removal of Nitrate with Soil Depth & Time

Date " Percentage removal of nitrate (%)

1000 mm 900 mm 800 mm 700mm 600 mm 500mm 400 mm
soil soil soil soil soil soil soil
depth depth depth depth depth depth depth

" 26/2/81 71 74 69 62 47 30 23-
.5/3/81 84 82 81 71 43 29 .14
'12/3/81 81 79 77 70 46 26 21
19/3/81 83 80 78 7Bwl 39 29 27
26/3/81 85 a2 84 75 49 30 22
2/4/81 82 83 79 71 68
9/4/81 81 80 78 66 = 62
16/4/81 78 77 76 64 15
J23/4/81 78 76 62 56 12
4/6/81 72 ° 71 el -
11/6/81 | 74 79 72 . )
18/6/81 78 75 74
25/6/81 . 81 80 77 70
2/7/81 80 75 78
9/7/81 82 . 82 80 60
16/7/81 80 go % 75 62
- 23/7/81 81 82 78 64
Mean 79 78 75 67 42 ) 29 21

Note: Effective removélxincludes the effect of nitrite
levels (see p. 84 }. .

i
-

i
1
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however, the system d%ﬁ not remove nitratewconsistently until
the fourth week of operation. Nitrite was also detected only
'during the first‘three weeks, during which the denitrification
rate increaseé progressively. As mentioned before, the system
showed an unstable cpnditioa (very low removal of nitrate) for
at leaSt‘three weeks during the m;nth of May, asewell;‘anq these
results we?e also omitted from the calculations for the values
in Table 5.14. Mean valugs for percentage removal were caleu— :
lated for all the SOll depths and are plotted in Figure 5.16.

It can be seen that.only 21% reduction was obtained at a depth

of 400 mm.elthough the feed solution contained sufficient or-

ganic carbon as indicated by the soil column study. This dégth

is measured from the top of the 5011 and not from the point of
appllcatlon which is POt the case in the 3011'columns. In_SOLl
columns the entire depth was effective in the treatment. Even
a depth of 1000 mm faiied to produce more than 79 percent re-
moval of nitrate. At a depth of 800 mm of.soil and beyond the
variationlin the effieiency of nitrate removal was insignificant
and increased from 75% for 800 mm to 79% for 1000 mm, respec-
tively. Between the depths of SOOImm and 800 mm the percent fe-
duetion of nitrate increesed sharply. It is elear that, ip the
tile installation, the dspth of soil does affect denierifidation
significantly and a minimum dep?h of 800 mm was needed in this
case to achieve a reducﬁion,higﬂer than 75%. This is contrary

to the findings resulting from the previous tests. carried out

\Esing soil columns. For example, over 80% ni;rate removal was
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obtained from soll columns having a depth of only 150 mm, This
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may be attributed to the fact that in soil columns, only a very
small amount of surface area 1ls exposed.to the atmosphere,
whereas, in the tile installation there 'is an unsaturated zone
from which the oxyéen may be supplied. This may 1nd1cate that -

: £y
a!ﬁigher C:N ratio is required for the tile 1nstallat10n in or-’

der to achieve nitrate removals comparable to those obtained in

the columns.,

Total Kjeldahl. Nitrogen {TKN)

.

Calculated percent reductions of TKN are given in

Table 5.15. These values haue been derived from results for TKN

analyses in the*treated samples' which are given in Table C6, Ap-

pendix C. All the soil depths showed reductions in TKN levels

and the mean_varied from 25 to 52 .percent as shown in Fiqure

. . £ ' R .
5.17. The“ﬁhriation of TKN with time shown in Table 5.15 demon-

strates that the organic nltrogen was removed by soil from the
first week of 1oad1ng, although the percentage reductions were

somewhat lower than the average. Tests carried out on the sam-

.~ples collected on the 4th of ‘June, 1981 showed slightly higher

levels of TKN than in the respective feed solution. This may

have been due to the breakdown of the denitrification system

during the month of May which resulted in an excess level of

L)

dead cells in allpthe samples. However, percentage reductions

.of TKN in the same samples r'eturned to normal in the following'

. w0

week,

P S
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. served ratios by approximafely 30 percent. -

- 118 -
~ ‘ ’
The leyels of TKN reduction in’colpmn studies were
very similar, For- C:N ratio of 4:1, the levels varied from 24

to 48 percent; however, these were achieved at a much shallower

depth.

Alkalinity

During the model tilé study,,totallalkalinities of -
both the feed solutions and the treated effluents were monitored
and levels are shown in Téble 5.16.. The ratio between produc-
tion of alkalinity and-correspoﬁding level of nitrate removal
(from Table CQ,.Apéendix C), for all the samples are alsod gitfg,\
in Table 5.16. :Mean values of:tbese_ratios aré caleculated and

plotted against soil depth in Figure 5.18. A depth of 400 mm

'prbduced a mean ratio of 4.09- {mean of five values) which is

much higher than tbeléheofetical value (3753 mg as Ca CO3 per.
mg of nitrate nitrogeh removed) .. All the other depths produced
slightly lowe£ mean fafios compared té those obtained in the
previbus study using soil columns as well as being lower than
the theoretical value. The lowest mean ratio (2.27) was found '
at the depth. of 800 mm. The only reported value”of‘alkalinity
reported for an attached growth sfstem'is 2,95 mg as CaCO3 per

mg offnitrogen-reduced, (85). This is also lower than the theo-

. LN : :
retidal value. However, the results from this_study show that

for high degree of nitrate removal, the theofélicai.ratio be-

tween‘alkalinity_prdduction to nitrate removal exceeds the ob-

—~—ry ‘v

y
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Snspended Solids

The mean values of TSS and VSS for both the feed solu-
tions and various effluents are shown in Table 5.17. These
values were computed from concentrations of sblids.in the feea
solutions . and the corresponding effluent samples which were de-
termined eleven times during the investigation (Tables C5 and
cse, Appendix C). Figure 5,19 shows the percentage reduction in
TS5 with respect to soil depth. It is interesting to note that
in threarfgmpling ports out of severn the levels of TéS in the
effluent were higher than the TSS-levels in the feed solutions.
Only two sampling ports at 700 and 800 mm respectlvely, showed
any appreciable amount of reduction. One of the reasons for
sampling ports at the bottom end of the tank exhibiting‘high fSS
concentratlons in thelr effluents may have been the presence of
washed out cells from the denltrlflcatlon zZones. Samples col~
lected from both the depths of 900 and 1000 mm showed a hlgher
ratic of VSS.than those obtained in the other samples ae-well as
in the influent. This may have been caueed by the presence of

microorganisms which contributed to the increase of vss content

of the samples. This was also observed in the soil column study \

{Table 5.11, p.105 ). a .similar phenomenon was also reported by

Laak (42) in hlS recent study

Chemical Oxygen Demand

1

Subsequently the percentage “téductions of COD at vari-

ous depths have been computed and are given in Table 5,18.

P

-
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°

Table 5.17. Variation of Suspended Solids with Scil Depth in
the Tile Field ) ‘

B

Feed solution Soil éercolate” Reduction of
depth ' TSS
TSS VSS Meox100 7SS vSS . T e5x100 |
(mg/L) (mg/L) (%) (romm ) (mg/L} (mg/L) (%) (%)
33 21 64 1000 53 38 72 -60
| 900 36 26 72 ~10
800 26 17 65 -z
700 20 1 ss 29
600 34 16 47 i -30
500 31 16 52 6
; 400 32 16 50 3
‘ b
o

et T
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Table 5.18. Reduction of COD at Various Depths in the Tile Field

Date OOD in - S Percentage reduction of COD (%)
feed .
. solution 1000 mm 900 mm 800 mm 700 mm 600 mm 500 rm 400 mm.
soil soil soil soil soil . soil soil

L -@mm) depth  depth depth depth depth . depth depth

5/2/81 210 63 - 60 62 52 43 50 29

12/2/81 130 . 75 69 71 60 59 48 54
19/2/81 180 74 69 73 68 62 54 56
26/2/81 150 71 63 60 55 48 43 36
5/3/81 210 84 80 76 70 65 . 64 66
12/3/81 250 85 79 81 71 62 78 69
19/3/81 170 72 62 %69 55 61 46 a1
26/3/81 180 76 78 68 74 60 64 57
2/4/81 130 75 77 65 60 48 ‘
.9/4/81 200 70 72 56 50 - 57 '
- 16/4/81 260 85 83 72 63 65
23/4/81 210 71 72 64 73 71
4/6/81 165 21 55 55
11/6/81 250 76 71 66
18/6/81 130 72 69 63
25/6/81 180 79 Bl 78 67
2/7/81 200 80 76 72 _
9/7/81 210 82 84 75 83
16/7/81 170 77 77 74 73
23/7/8L 150 65 75° 71 73
Mean 73 72 69 65 58 ° 56 51
b

Rz

L e ane b vm—
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Tables C4 and'CS, Appendix-c, show the levels of COD in the feed
solutions and the percolates respectively, analyzéd during the
investigation from which the percentage reductions have‘ﬁeen
calculated. Reduction of COD was achieved from the first week
and by the second week of operation the removal rate was almost
.consistent at all depths. No resulté weré obtainéd during the
month of May, 1981,‘wheﬁ the system was unstable. Samples col-
lected in the first week of June, 1981 showed high levels of COD
in all the samples; especially at 1000 mm and consequentiy re-
sulted in poor reduction of,CdD. The mean values are calculated
and plotted against soil depth in Figure 5.20. All the samples.
show more than 50 percent reduc®on of CoD. It is evidént that
. most of the reductions took place in the top part of the soil.
For example, at 700 mm the removal was 65% whereas at 1000 mm
the pe?centage reduction increased only by 8%. However, Ehe high
reduction (90%) of‘COD obtained during the soil column studies
(Figure 5.11, p. 105 ) was not achieved in the tile installation

.
even at a much deeper soil zone. )

Dissolved Oxygen

The dissolved oxygen in the percolates varied between

a low value of 1.6 mg/L and a high value of 6.4 mg/L (Taﬁle 5.19).

During the first three weeks of operation, DO contents in all the
samples were highér than 4.0 mg/L. However, an appreciable drop
in DO levels was observed after the third week in samples collec-

ted below 700 mm. Variation of DO with soil depth is shown in
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Table 5.19. Dissolved Oxygen Concentration in the Tile Field
at Various Depths

Date Dissolved Dissolved oxygen in percolates (mg/L)

ot ar fm it o SRS et

P

J.al

o 1000 mm 900 mu 800 mm 700 mm 600 mm 500 mm 400 mm
solution soil soil soil soil soil soil soil
{mg/L) depth depth depth depth depth depth . depth
5/2/81 7.8 5.2 . 5.6 6.0 . 5.8 6.6 6.4 6.3
12/2/8L 7.9 5.0 5.0 48 56 5.8 57 5.6
19/2/8, 79 4.2 4.7 4.5 5.4 5.8 50 5.0
26/2/81 1.8 2.8 3.1 2.9 3.2 3.0 4.9 4.9
5/3/8L 7.8 1.7 1.7 2.0 - 2.3 2.6 51 5.0
12/3/81 . 1.8 2.0 - 1.9 2.3 2.4 2.8 3.8 4.6
19/3/81L . 7.9 1.8 2.4 2.4 25 2.9 47 3.9
26/3/81 7.8 1.6 2.1 2.2 2.4 3.0 3.9 4.2
2/4/81 7.7 1.8 2.1 2.6 ° 2.8 3.6
-, 9/4/81 7.9 2.2 2.1 2.8 3.0 4.
" 16/4/81 7.9 2.0 2.3 2.8 3.1 4.3
23/4/81 2.8 . 2.3 - 2.7 31 3.3 4.3
4/6/81 7.6 -~ 2.7 2.7 2.8
11/6/81 7.8 . 2.6 2.7 3.1
18/6/8L © 7.8 2.1 2.4 2.9 )
25/6/81 7.9 2.1 2.1 2.9 3.2
2/7/81 7.7 1.9 2.2 2.7 :
o/7/81 7.8 ' 2.0 . 2.0 3.1 3.0
16/7/81 7.8 2.1 2.3 2.7 3.3
23/7/81 7.8 2.4 - 2.3 2.7 3.4
Mean _ Y 2.5 2,7 31 3.5 43 49 0 49

4
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Figure 5.21 where the DO levels are the mean values for respec-—

tive depths. It is of interest to note that the lowest mean

value obtained was 2.5 fmg/L at the depth of 1000 mm, where the

nitrate removal was on the order of 79 percent. Effects of a
relatively high oxygen concentration on nitrate removal in the . 1

feed solutioqkpnd in the tile bed were not significant.

“d

Residual Soluble Organic Carbon

.
N Y

-
™, .

The residual SOC was found to-be present in all the
samples. Theﬁresplts.are tabulated in Table 5.20. It can be
seen that eveﬂ.during the early periods of the ihveﬁﬁigatidn.when
the.nitrate removal raﬁes were 16w, the residual SOC levels were ‘

fonly a fraction (legs- than Zo'bercent) of the applied amount

which is similar to the values oBtaihed‘in the soillcolumns (Fig-
ure 5.14).° The overall mean values are ﬁlotted against soil

., depth in Figure'SJZZ. The rate of decline.was fairly sharé at
thé beginning for shallow depths and was reduced for large depths.

! n
Beyond 700 mm this rate was fairly constant.

5.2.2 Denitrification Below and Above the Water Table

Figures 5.23 to 5.25 show mean éaluéé of nitrate re-
moval.anq the corresponding mean dissolved oxygen levels for the
three. different water table levels.used in the stﬁdy.‘ These fig-
ures have beeh'prepared from the data which are shown in Table

D11, Appendix D. This Table also gives the mean values of ni-

trate removal and corresponding levels of dissolved oxygen .

-~
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1

Table 5.20. Mean Variation of Residual SOC with Depth and Time

Date =~ 3 " *Residual so¢ .
) 1000 mm 900 mm 800 mm 700 mm 600 mm 500 mm 400 rm
- soil . soil soil soil soil soil soil
depth depth depth depth depth depth . depth

‘fqg/L) (mg/L) mg/L)  (mg/L),  (mg/L) (qg/L) (mg/L)

19/2/81 7.0 8.4 11.2 13.4  15.2  14.6 15.8
26/2/81 - 5.2 6.8 7.2 7.0 8.4 10.2 10.6
5/3/81 4.0 " 6.6 8.2 8.4 11.0  10.8 11.6
"12/3/81 5.4 5.0- - 7.2 7.6 8.0 8.2 10.8
19/3/81 4.2 5.6 - 6.8 6.8 7.6 9.4 8.0
26/3/81 5.0 6.0 5.8 7.6 8.2 8.6 10.4
2/4/81 3.4 4.2 4.8 6.2+ 6.6
9/4/81 4.0 5.2 . 5.8 ° 7.4 8.2
16/4/81° 4.6 6.2 5.8 7.0 8.2
.23/4/81 5.2 5.4 6.4 6.8 . 8.0,
" 4/6/81  10.0 8.2 8.4 : '
11/6/81 4.8 5.2 5.6 o e
18/6/81 4.4 - 5.0 5.2 o
25/6/81 - 4.0 4.2 4.8 5.4
2/7/81 4.0 - 4.0 5.2
. 9/7/81 3.8 4.2 4.6
16/7/81 4.2 4.2 4.8
23/7/81 3.8 4.0

4.2

Mean . 4.8 5.5 6.2 7.0 8.9 10.3  11.2
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concentrations for specific time period and groundwater depth,
which have been calculated from Tables 5.14 and 5.19 respec-

‘tively. ) , ‘ A : N

As expected, at shallow depths the concentrations of

Qissolﬁed oxygen were higher and the cobncentrations decreased as

the soil depths increased. In general, removal of nitrate was
also high at a depth where oxygen concentrations .were low. More
than 60 percent nitrate removal was obtained when the depth'of

soil was equal to or more than 700 mm. At a sampling point 700

mm below the soil surface and for a water submergence of 250 mm -

(Fighre 5.23) the nitrate femoval was 71 percent, whereas for a
. submexgence ocf 50 mm of water (Figure 5.24) the same sanmpling
point exhibited 64 percent of nitrate removal. The dissolved

oxygen concentratlons were 2. 6 and 3.0 mg/L respectively. The.

maxim level of nitdate removal was 81 percent at a depth of
N .

1000 mm w1th a water s : ergence of 550 mm. At the, same’ depth
this value decreased only by 2 percent when the level of sub—
mergence was reduced to 200 mm, which means.that the effect of.
water Submergence'OP denitrificaéibn at a depth of 1000 mm Was-

Vnot significant. Howevér, the lgvel.éf nitrate removal is
greatly reduced at depths lower than 700 qﬁ} For‘example, at a
depth of 600 mm and with-a wafer submergence of 150 mm, the ni-
traé; removal was only around‘45 percent. Therefore, it is
clear that for the tilg installat%on which was used in this

study, a soil depth of 700 mm is needed to obtain more than 60

" percent nitraﬁe removal,
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In contrast a much higher level of denitrification
was obtained during the soil column study (Figures 5.7 and 5.8)

“
even at shallower depths. The oxygen concentrations found

during the column study (Figure 5.1l were also lower than those
found in the tile study. A higher water table did influence the
dissolved oxygen concentrations in the tile bed; however; oxygen
- diffusion through the soil in the bed must have been fairly high.
The gas collectors, the loading pipe and the top'surfaEe of the

tile bed, all were exposed to the atmosphere ana together these

must have enhanced the aeration process.

of nitrate rembval were lower than the values‘obtained from the
column study.

\ :

Mgisture content determination at various sampling

points was not cérried out during thé investigation. Howevef,t

" it would appear that all tﬁe saméling points considered so far,
,with the exception of numﬁefs 9 and 10 at the deptﬁ of 700 mm

when the water table was at 800 mm, were in the saturated zone.

at all times. The percolates were collected without any external

suction from these points. During the last part of the study

when the water table was at 800 mm, on four occasions it was pos-
sible to collect sufficient-amount of samples from ports 9 and

10 with the help of external suction. Suction was used within

two hours after the completion of the loading operation and some-
times continued for more than two hours. This was'different from

the standard time of collection of one hour used for all other

‘'sampling points? Ordinary rubber bulbs and hand pumps were uéed

]

As a result, the levels .

B

L et
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to provide the suction. 'As méﬁtionea before, one pf the objgc:
tives of this'study wa;_to determine the level of denitrifi-’
catiqn above the groundwater level in the unsaturated zone. Un-
fortunately only points 9 and 10 which.g&ghﬁfhave been in the
unsaturated zone, yielded any appreciable amount of sample,

Other sampling points situated in the unsaturated zone did not

produce the amount required for the analyses.

The environmental conditions for éuccessful denitrifi-
cation at these unsaturated locations were believed favourable .
with the possible exceptioh of moisture content. Tgerefﬁye,.ad—
ditiohal tests for moisture content were carried out a£ depths
of 500, 606 and 700 mm respeétively agter the completion of the
denitrification study. These moisture content tests are de-

scribed as follows.

-

' The exact léading‘operation as described 'in Chapter 4,
‘p. 4{\Ewas followed with the exception of the feed solution which
was replaced by tap water. Without disturbing the soil profile,
three hoieS‘we;e made along the side of the tank to-obtain soil
samples from the gforémehtioned depths. Rubber stoppers were)
usgd to seallthese openings during the %oading operation. The
waier tabrg was maintained at 800 mm. The scil samples were
takeﬁ from the approximate centre of the ‘tile bed with the help

of an auger fitted into a 20 mm open tube long enough to reach

the centre of the bed. -

The loading was carried out at the rate of 80 L/m2]d
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"

and it.tqok almost an ﬁou: tahcomplete. The qolleétion of soil
samples dié not start until an hour had elapsed after the coﬁ;‘
“.pletion of the loading pperation., After that, two more'samﬁles
- were collected from each scil depth at every hour for the next
two hours. This sampling proéedure was repeated every day for
six days and the moisture contents obtained are shown in Table
A2,.Appendix A, From fﬁesé data mean moisture contents and the'
respectiveﬁﬁir—filled-pdrosities have been calculated and are
given in Table 5.,21. Sample calculations for water content by
volume and the respective air-filled porosity are shown iﬂ Ap-
pendix A. For the soil used in the study, the porosity was
found to be 37% (?ppehdix‘A). . Therefore, from Table 5.21 it is
clear that all thé sampling points were in the'unsaturated zone
:including those at 700 mm (the Level of Sampling points 9 and
10) depth., At a depth of'SOO mm, the moisture content was only
'54% of the saturation value one hour after the end of loading.
Both depths of 600 and 700 mm exhibited very high levels of
moisture content after one hour. These values decreased in the
suﬁsequént sampling. Nault (59) carried out a field study.where,
in a mound type disposal system, the tile was placed in a sand
£i11 and was loaded at the approximate rate of 40 L/mz/d. Three
cycles of dosing were uéed., A Neutron Probe was used to measure
the soillmoistu?e'content throughouf the cross-section of the
bed and Nault reportéd a uniform distribdtiqn of high moisture
content (over 33% by vélume) over a period of four hours. The

saturation value for the soil was 39% by volume. ' Due to the
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presence of a high groundwater table, moisfure determinatiﬁn
waslrestricted to a depth of about 600 mm'only. However, these
high levels of moisture content were not dublicated in this .
stuhy especially at.sh;llow depths and after a time of two
hours from the .completion of loaaing operation. Other environ-
mental conditions e.g., rainfall, snow cover, groundwgter flue-

tﬁation, which are associated with field studies may have con-

tributed to these high levels.

Air-filled porosity is directly related to moisture
content in the soil and Pilot (68) consideréd this as a govern-
ing factor for denitrification and reported.some critical values
for threc,differenf soils. He found that,‘for coarse textured
Crevasse soil’, medium textured commerce soil and moderétely fine
textured Mhoon soil, air-filled porosities of 11, 12 and 14 per-
cent, respectively were high énough to pnbven; denitrification.
Values lower than these had no effect on the denitrification pro-
cess., Table 5.21 shows that, in this study, the air-filled po-
rosity at a depth of 700 mm after an hoﬁr of loading was very.
low (6%) and indreased to only 10 percent after two hours. Al-
though, no-criticalkvalue of air-filled porosity was determined
for this soil, these low values are believed to show that the
denitrification pfﬁéess was not inhibited aﬁ this level. Fur-
thermore, at this depth the voids in the soil will contain a
higher ratio.of nitrogen to oxygen as compared to atmosphefic‘
air due to the denitrification taking place. This will affect

-the critical value of air-filled porosity. It is believed that

4
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the yoiéture»gonteﬂﬁiat the 700 mm level was not gritical to the
denitfifiqation'process; Rather, it is felt tha{r since the

'_perceht nitraté.rgmoval_at this level was not greatly different
for the thrée‘watér table levels, the éegree of denitrification

was dependent upoh the-diffﬁsion of okygen and the amount of or-~

ganic carbon supplfed.

5.3. Rate of Nitrate Removal with Time .

From previous discussions’ it appears 'that theré may be
a certain time laése after the end of the lcading operatiocn,
after which parts of the denitrification bed may contain less
than the critical amount of moisture needed for succéssful de~
nitrification. Also, diffusion of okygen into the unsaturated
areas may Jhinder denitrification. 1In the preseﬂf study, it ap-
peared that at a depth of 700 mm sufficient moisture was present
for at least two hours. The level of nitrate reﬁoval between
April 2, 1981 and July 23, 198i, as indicated by the actual sam-
‘Ples from this depth was in the order of 64% .(Table D11, Appen-
dix D, p. 267). The actuai rate of nitrate removal with time in
the tile bed could not be determined, and, therefore, a direct
coméarison was not poséiblé.r However, further iévestigations
rﬁere carried out usinq soil columns to observe the nitrate re-

moval rate with time.
0

Investigations were performed at 22°C with one soil

~column packed with soil (as described in Chapter 4, p. 39) to a
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level of 450 mm, A naﬁio of 4:1 carbon to.nitrate ni%rogen
ratio was gsed in the feed solution where the level of nitrogen
was 25 mg/L as N. Five different levels of residence time wefe
chosen; £hey'varied from’one to five hours with equal.increments
of one hoﬁr. AltOgether-§yéamples were cdlleéted for each time
period and were analyzed for both nitrate and nitrite nitrogen.
The soil column was saturated with the feea‘solutidn before the
experiment began. After the tﬁird sampie was @ollécted the édl-

umn was drained completely and the whole loadiné‘procedure was

repeated for the next twé:éamples which had residence times of -

four and five hours respectively. This was necessary because
the s0il column did not contain enough sample for the required

~

tests.,

?

The entir®e experimenﬁ was repeated three_times and the
results are shéwn‘in Table 5;22. Nitrite waé not detected
during this study. Mean values of nitrate remaining at an§ time
period were used infthe calculation of the reaction rate. (Table

!to -0.42 ne7?

1. A sligntly

and the average value was found to be -0.49 hr
higher reaction rate was obtained'during the early part of the
experiment and the values were_very‘closelylspaéed thereafter.
Figure 5.56 shows the graphical representation of nitrate re-

moval with time. This depicts a curvilinear relationship.

The average value of remaining nitrate nitrogen con-

centration was in the order of 9 mg/L after two hours of
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Table 5.22. Change in Nitrate Concentration with Time in a
: © 450 mm Soil”Column at 229C (C:N = 4:1). .
Time: N03-N " . Mean N03-¥N Ratio of 1n Reaction . Average
remaining for each NO,-N at ratio rate . reaction 3
; . .. . rate ‘1
- time any time 5
4 ‘ period to initi- ] :
) » al conc. ) . !
- : -1 =1, .
(hr) {mg/L) (mg/L) . . - (hr 7) (hr ™)
— 7 B
o - 25 25 , 1 0 - .
13 . '
1 17 . .14 0.56 - -0.58 -0.58
12 ' '
0 L ‘
2 8. 9 0.36 -1.02  ~0.51 :
| 9 , 1
; - ‘ "
3 8 6 0.24, ., -1.43  -0.48 ~—-0.49
4 b ' i
. 3 D :
4 6 .4 © 0.16 - =1.83- -0.46 .
N ' ’
4 . _ i
5 3 3 0.12 -2.12 -0.42 :
3 i
) -
¥ R
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Fig- 5-26.'
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reaction time. This is a removal of 64 peréent considering the
initiai concentration of 25 mg/L. Smith et ai (77) observed .
much faster reduction of nitrate in a shorter contact time. He
reported over B0 percent reduction within a fraction of an hour.
Other higher valueé havé also been reported in the literature
(35). However, tiese values canmnot be compared with the results
obtained during this study because of thé‘differences'in feed
solution characteristics apd other environmental .conditions.
Therefore, it can be concluded from the present étudy that the
depitrificatioﬁ process is not a slow procesgaénd“over 60 per=-
cent‘remqval of nitrate can be obtained within a period of twax\
hours in a tile bed if the environmental conditions are favour-

able for the microorganisms.

5.4. Consumptive Ratio o

McCartylet al (54} referred to the ratio of the

requirement for methanol to that required for nitrogen removal

and deoxygenation as consumptive ratio, Cr, given by the

relationship:

Total filterable ofganic carbon utilized

C =
r

Filterable organic carbon required for
denitrification and deoxygenation

“+

-If nitrate, nitrite and ‘oxygen are reduced .stoichiometrically

rd .

by external sources of organic carbon, the consumptive ratio

» . b.l 3 » e - - .
1s equal to unity. However, a portion of the organic carbon is

used for cell synthesis and therefore,-the ratio is always
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found to be greater than one. For various carbon sources )

McCarty, et al,

(54) listed observed Cr values (Table 5.23)

. . For kitchéh-waste, Cr was calculated as follows:

jor C:N = 4:1, the percentage nitrogen removal

—/rv/;b avg. residual SQC

avg. residual DO 1.7 mg/L (Table Cl1, .APP. D)

93% (Table 5.8, p. )

3.9 mg/L (Table D10, App. D)

avg. DO in feed

7.9 mg/L (Table Cli App. C)
100 - 3.9

2.47(0.93x25) + 0.87x(7.9-1.7)
= 1.53
It can be seen that the con;qmptive ratio (C_) for
kitchen waste is similar to those chemicals listed in Table
5.23, with the exception of,sugaf, which will produce ‘a high .
" quantity of biomass for the sémé aegree of nitrate removal.
This inaicates'tﬁét the use of kitchen wastew£er in a subsurfface

denitrification process will not be expected to lead to any

excessive biological growth, which may cause clogging of the

soil. . \ -
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Table 5.23 Consumptiye Ratios for Various Sources of
Organic Carbon (54) .

Sources Consumptive Nitrogen removal
ratio C_*. ’ (%)
- r
Sugar : . 1.69 50
Acetate - 1.31 83 ‘
Ethanol . 1.47 96
Acetone L 1.22 89 !
. . [}

Kitchen Waste 1.53 53

v

Total filterable organic carbon utilized
*C =
x

Filterable organié carbon required for
denitrification and deoxygenation

PR U PN
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CHAPTER 6°

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

6.1 ™Conclus ions .

The following conclusions can Qé drawn from this study
_involving the use of kitchen wastewater as the source of organic

1] (] . - . LN - .~ 0 . ]
carbon in biological denitrification in soil:

1) A high level of denitrification was achieved using
kitchen wastewater as a éource of organic carbon in the soil
columns coﬁsisting‘of four different depths (150 mm, 250 mm,

350 mm, 450 nmb of sandy soil and having a diameter of 50 mm.
Over 90 percent removal of nitrate was poésible when feed
solutiéns contained C:N ratios of 4:1 (carbon expressed as
methanol and nitrate concentration was 25 mé/L as N} or
higher_fér both the application rates of 200 mm/wk and'4?0 mm/wk
respectively. . A C:N ratio of 2:1 failed to producé_hore‘than,

15 percent removal of nitrate.

‘Denitrification was also achieved in the moﬁel tile
bed dis§o§al system which was constructed‘by usiné the samé-
" s0il in an open-top aluminium tank (2400x1200x1200 mm high)
sét ﬁp in the 1abbrator§. The C:N ratio of the fegd solution
was 4:lrahd three levels o: water table were used. The‘_
loading rate was 80 L/mz/d. Diérégarding any effect of the

levels of water table, the maximum average nitrate removal

-
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was 79 percent at a dépth of 1000 mm. The lowest valué waé'oﬁry

21 pércent at a depth of 400 mm. This differs from the find-

ings resuiting from the s0il column tests whefé over 86 percent
removal of nitrate was obtained at a depth of 150 mm. This may

be attributed to the fact that in soil columns, only a-very |
small amount of-surféce area is exposed-to the atmosphere.

Thus, a more conducive environment for denitrification is produced
in the_columﬁs as compared to the tile field Qhen the large’
exposed surface area, vent pipes and the open pipe uséﬁgfor
dosing contribpted to an enhancéd areation process to a much

-

greater deptﬁ.

2) Nitrite was not detected in the column effluents
with the exception Qf those which were dosed with feed solutions
containing less than 4:1 carbon to nitrogen ratios. Howevers ’
nitrite did not appear to inﬁibit the denitrification process.
For example, soil columns reée;ving 3:1 feed solution removed
ocver 60 ﬁercent‘of the nitrate although nitrite was detected
in the effluents-consistentlf. In the tile installatién where
the C:N"ratio Qas 4:1, nitrite was never detected'evgn though

at shallow depths the removal rates of nitrate were 'very low.

3) The denitrification process in the soil columns

reached a steady state condition after two weeks of ,operation.
. i ey . . -
In the tile installation this time lag was four weeks.

Cadtahig
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4) The depth of s6il in a 50 mm diameter soil column
‘"was found to have very little effect on pitrate removal. In the
Saturated zone of the tile bed the levels. of nitrate removal

" were significantly affected by the depth.

5) The inéreaée in depth‘ofﬁwatér submergence in the
tile bed did improve the level of nitrate removal in general.
The effects were more pronounced at shailower dé;thé. For.
example, at a sampling point 700 mm below soil surface and for
a water submergence of 250 mm the nitrate femoval was 71%;

-whereas with a submergence of, 50 mm the same sampling point
showed 64% niFraté-remcval. At a deeper sampling poiﬁt (at

1000 mm) a drop in the level of water submergence of 250 mm

showed only 2% decrease (from 81 to 79%) in the nitrate removal.

’

'6) Due to the insufficient number of samples obtained
from the unsaturated zone in the tile bed for the nitrate test,
a conclusion on nitrate reﬁoval cannot be made:- However, all
the four samples collected at 700 mm produced over 60% rempval..
of nitrate wiéh ah averége_of 64%. Thé water table was at 800 mm,
Moisfure'cbntent by volume‘at 700 mm after 1, 2 égd 3 hours‘of
loading operation was 32, 27 and 20 percent respectively. The
air-filled porosities were 6 and 10 bercent for the first ﬁwo

hours at the same sampling point. These values are thought to be

low enough to produce a conducive enviromment for successful

denitrification. -

Y b The levels of TRN feductions‘were'véry similar' in

i e D

R S
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both the columns and the tile bed. Maximum removal of TKN was

-around 50% of the influent concentration.

B)"Redﬁction in COD increased with incfease inléoil
depths for both the application rates in the soil column studies.
However, for.shaliow soil dépths, removal efficiencies weré
higher for the lower application.raFe. In the tile installation

' the removal of COD was found to be much lower than in the soil

columns.

\ 9) Presence of hiéh dissdlved oxygen concentration
(over 7.0 mg/L) in the feed scolution did not inhibit denitri-
fication. This was true for both-the soil column and the tile
fielg: In soil columns higher C:N ratios and larger soil depths
favoured reduction in DO concentration. Complete deoxygenation
was never achieved. The loweét levels of DO for the soil columns
rand tHé tile field we%e around 1.0 mg/L and 2.5 mg/L respectivelf.
The gas collector, the loading pipe and the comparatively larger
soil'surfaCe in the tile bed were éll open to the ;tmosphere‘and
this would have enhanced the aeration process. The observed DO
levels in the samples collected from the tile bed were slightly

higher than those in the soil columns.

10) Alkalinity was produced during the denitrification ,°’

process. The ratio of change in total alkalinity to respective
levels of nitrate removal ranged from 2.44 to 3.03 in 'the soil
columns and from 2.27 to 3.0l in.the tile field respectively.

These values are well below the theoretical value of 3.53 mg/L
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as CaCo,. Complexity in the biological profess and the produc-

tion of Co2 during excess COD oxidation (for high C:N ratios)
‘may have been the reason for this discrepancy.

. ' ' N
"11)  Ssoil éolumﬁs receiving C:N ratios of 2:1, 3:1

and 4:1 ;espectively progduced very.low_levels of residual SOC
. ranged from 4.8 to 11.2 mg/L for sampling éoints at 1000 mm.and

400 mm respectively. For higher C:N ratios (5:1 and 6:1) used

in the soil coluﬁns, the residual SOC levels were slightly higher

(4 = 14 pmg/L) than the lower ratios representing.less than 20

percent of the excess applied SOC.,

12) Reduction of TSS was not achieved in most of the
soil columns with shallow depths of s¢il. A maximum reduction
of 31 percent was obtained at a depth of 450 mm. An increase
in TSS levels in the effluents were detected oh.manyvoccasions,
and a washing-out effect of microorganisms from the media méy
‘have contributed to these low reduction levels which were also
noticed in the tile bed effluents. The observed reductions of

TSS in the tile bed_range& from 3 to 27 percent. .

hY

13) The levels of pH in the treated efflueﬂts ranged

from}6.8 to 7.6 and were found to be suitable to denitrification.

Recommendations for Further Research

" since the feed solution used in the tile field study

contained only one level of carbon to nitrogen ratio (4:1), it

is not possible to conclude that this ratio, using kitchen‘wéste

P
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as the source of organic carbon, is the optimum one for success-

ful denitrification in-a tile bed. Therefore, future studies

using varying levels of carbon to nitrogen ratio should be §

carried out to establish an’opfimum value.

A full-scale field étudy on denitrification in a sub-

surface dishosal system‘without any denitxificatipﬁ chamber would
be of interelst.  Kitchen waste could be used as the source of -
brganic carbon r the denitrifiers. Nitrification of the’
ammonia can be ‘achidved in a sand filter and this should bé

studied very careful The levels of low pH and requirements

of oxygen in the nitrif ation study should be of interest.
Effects of various envirgnmental parameters on both nitrifica-
tion and deniﬁrificatio should be evaluated. These parameters
include rainfﬁll, tempedature, snow cover ete. The efféct of
shock locading due to exce nitrate concentration or lack of

‘necessary organic carbon the overall denitrification process

-

are also of interest.

- Collection and analyses of gases produced during a

. controlled denitrification sﬁhdy would bé‘very useful. This

) (
would help in carrying out a nitrogen balance for a given soil.

:

Detailed study on level of denitrification in un-
saturated soil at various moisture concentrations should be
carried out. This study should be undertaken for different

soil types and for each soil type a typiéal characteristic curve
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showing nitrate removal against moisture tension for fixed
environmental conditions can be prepared. In this connection
it would also be usefu@ to know the compgsition of the gases

- present in the void spaces of the soil and the rates of oxygen

diffusion to the 50il depths.

Study of'various denitrif&ing bécterial species,
especially the predominant ones present during denitrification

would be useful in obtaining the effect of different microbial

populations on denitrification rates.

L]

.

Denitrification, if carried out on 4 long term basis,
may change the pﬁ level in the soili There may.be a 1imit;ng'
value beyond which it may'become inhibitory to-the process .and
lthus would force a change of disposal site. From a practicai

point of view this maximum value could be studied for different

soils.

e ane bl
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.. Deterthination of Other Physicaﬁ~Properties;of the Soil

\ .~
" The tests for the soil were carriéd out according to
the Standard ASTM methods published by the American Society for

Testing and Materials, U.S.A,

. Minimum density = 100 lbs/cft

= 1.6 gm/cc
. Maximum ggnsity _' - '= 118 1bs/cft = 1.88gm/cc
3 Densitf of an athgl sample = 104 1lbs/cft = 1.66 gm/cc
Relative ﬁénsity . . =.22%
. Specifiﬁ ﬁfav;iy S, = 2.65
_ . Porosity (%) : .‘ = 37%
R At saturation g | .
water content by volﬁme = 37%
water content by weight = 37/1.66‘= 22.3%
] ’ {
~ .
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( Sample Calculations

*

~

1

-

. . ~
Ikl 4 .

-

l) Obtaln water content (%) by volume foq a sample

/ ’ .

. "from &,given water content (%) by welght of 19%.

.

'
- porosity =-37% . Co
at saturation water content by weight = 22.3%

.. percent water content by vol.

37x19/22.3

‘ 32%
5 . .

2) Obtain air-filled pososity for the above sample:

percent saturation (%)
air-filled porosity = (1-

)
100
X porosity ’
now, percent saturation(%) = 32x100/37 = 85%
- .. air-filled porosity (%) = (1 - 0.85)x37
= 5.6%
1, -
-
. =

et b i e P
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APPENDIX B

CALIBRATION CURVES FOR VARIOUS PARAMETERS
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Table Bl.

- 176 -

- (Orion Model 95-10)

°

Calibration for Ammonia Using Ammonia Elecfrode

‘Standard Ammodiia Nitrogen

Electrode Potential

Table B2.

Concentration Reading
{moles/L) (mv)
5 x"107° 17.9
1 x 1074 4.1
5 x 1074 -34.8
1 x 1073 -52.8
5 x 1073 -94.0

J

Calibration for Nitrate Nitrogen Using Nitrate

Ion Electrode (Orion Model 93-07)

Amount of Nitrate Nitrogen

Electrode Potential

-~ in the Standard Solution Reading
(mg/L) © (mv)
0.28 -7.1
1.40 -43.9
5.00 ;74.0
“ 10.00 . ’ -93.0
14.00

. =101.2

RPN TR
.



Electrode Potential {(mv)
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-100 |

-80 -

-60 |-

~-40 |

-20 -

+20 | |

-5 -4 | =3

10 : 10 10 10°

Ammonia Nitré@eh fmoles/L)

, Fig. Bl. cCalibration Curve for Ammonia Nitrogen
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Electrode Potential (mv)

-100 }

-80

-40 |

-20 |

~ 178 -

| | . I

Fig. B2,

1 5 10
Nitrate Nitrogen (mg/L)

Calibration Curve for Nitrate Nitrogen Using
Nitrate Ion Electrode (Orion Model 93-07)
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Table B3. Calibration for Nitrate Nitrogen by Brucine Method

Amount of Nitrate Nitrogen : .Absorbance
in the Standard Solution
(mg /L) v
0.2 0.11
+ 0.4 0.18
0.6 : ) .0.26
/ ‘
. 0.8 /' 0.32
1.0 : 0.40
1.6 0.56
=
2.0 - 0.74

Table B4. Calibration for Total Carbon Analysis

Total Carbon in Standard Peak Heights
Seolution
(mg/L}
10 : -
20 16
s0 . . 39

80 ' : 61
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-

‘Table B5. Calibration for Inorganic Carbon Analysis

Inorganic Carbon in Standard

Peak Heights

Solution
(mg/L)
10 8
.20 17
50 41
8o 64
b Py
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APPENDIX C

.CHARACTERISTICS OF FEED SOLUTIONS AND TREATED
EFFLUENTS BOTH FOR SOIL COLUMNS
AND TILE FIELD

W by A
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Date:

Characteristics of Column Effluents (Application rate = 200 mm/wk)

Table C2..
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Characteristics of Coiumn Effluents (Applicatibnlrate = 200 mm/wk) Dates:

Table C2.
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Date:

Table C2.

Characteristics of Column Effluents (Application rate = 200 mm/wk)
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Table C4. Reduction Of COD In Soil Golumns (Depth = 150 mm)

Applica- . Time Percentage ‘Reduction of COD (%)
tion Rate (week) - ‘ - - — -
{mm,/wk) ’ . C:N=2:1 C:N=3:1  (C:N=4:1 C:N=5:1 C:N=6:1
l - - - - B
2 37 40 46 52 - 59
S 45 - 55 51 . 58, - 62
oo 4 35 51 - 59 53 60
5 39 337 37 50 40
6 37 .44 55 . 47 49
7 0 42 50 . 41 43
8. 43 47 S 41 . 46 . 49
9 32 43 44 39 ' 45
200 10 46 - 69 . 73 79 81
11’ - 59 . 66 70, 83
12. 38 . 58 - 59 73 75,
13 42 . 57 62 66 7
14 45 53 54 59 67
15 41 47 © 55 7 57 T 61
- 16 37 50 51 56 63
17 39 41 49 57 64
18 44 49 . 54 63 65
19 51 53 52 66 on
20 40 50 62 69° 70
21. T 20 ' 30 37 45 . 49
22 23 34 39 47 53
"23 22 32 45 43 57
420 24. 29 33 . 41 54 42
25 33 37 46 49 . 59 -
26 28 42 49~ 57 53
27 35 - 35 : 45 46 . 49
. 28 30 43 42 49. 52

'-!' Tests were not done

.
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'~' Tests were not done

: Tabletc4. Reduction Of COD In Soil Columns (Depth = 250 mm) i
Applica~ Time Percentage Reduction of COD (%)
tion Rate (week)
{mm/wk) C:N=2:1 C:N=3:1 {:N=4:1 C:N=5:1 C:N=6:1
-.41 - - - = -
2 67 77 80 83 85
3 77 81 89 " 92 94
4 79 83 80 83 81
5 69 74 82 " 89 92
6 70 80 81 86 91
. 7 75 76 85 90 ' 91
.8 62 65 88 93 94
9, . © 63 64 77 79 79
200 10 82 84 90 92 92
11 84 87 87 87 92
12 75 " 82 83 88 ‘88
13 76 - 81 85 91 92
14 78 77 89 93 93
‘15 73 79 .84 91 91
16 80 84 82 83 89
17 72 " 82 85 ‘91 90
18 70 77 79 91’ 91
19 75 83 90 80 92 ~
20 82 86 84 89 90
21 72 73 85 87 88
22 .75 g 78 78 73 89
23 69 77 79 85 91
420 24 72 78 85 89 92
25 63 74 88 . 93 92
26 70 75 81 86 86
27 71 77 8o 80 87
28 79 83 85 92 90 .
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Table C4.  Reduction Of COD In Soil Columns (Depth = 350 mm)

Ai:plica— Time . ' Percentage Reduction of COD (%) :
tion Rate (week) : |
{mm/wWk) C:N=2:1 C:N=3:1 CiN=4:1 C:N=5:1 - C:N=6:1 i
T . - - \\‘
2 57 - 63 64 © 69 78 i
3 65 70 73 75 78
4 54 67 76 79 83
5 57 * 49 66 67 72
6 59 . 62 75 75 80
7 60 64 68 72 75
. 8 62 67 53 60 . 63
9 67 59 56 63 62
200 10 58 79 77 B3 86 |
11 72 74 77 - .84 - 85 i
12 62 71 Ik 79 83 o
13 59 .75 78 © 76 g1
14 64 - 72 68 78 77 ?
15 69 67 64 | 73 79 ;
16 ! 58 72 74 g0 84 |
17 60 60 65 72 8l
18 62 67 72, 70 77 -
] 19 67 73 £ 70 75 . 83
) 20 60 74 73 81 87
21 40 . 47 - 60" 68 ' 70
22 43 49 64 74 71
23 50 85 69 73 76
24 47 60 65 67
420 25 43 58 66 65
26 49 58 59 67
27 43 63 67 71
28 44 57 68 73

'~' Tests were not done




Table C4. Reduction Of COD‘In Soil Columns (Depth = 450 mﬁ)

- 230 -

Applica- Time Péxcehtaée Reduction of COD (%)
tion Rate (week) : —e - -
{(mm/wk) . C:N=2:1 C:N=3:1 + C:N=4:1. C:N=5:1 C:N=6:1
1 - . - - - -
2. 81 82 80 83 88
3 88 90 98’ 94 93
T4 81 e81 82 80 83
5 81 87 89 89 91
6 80 86 88 85 " 90
7 86 88 90 9% 92
8 89 90 92 92 88
206 9 76 .77 79 83 89
10 -'90 .92 92 .90 92
vl 87 83 91 90 92
12 83 83 88 89 91
13 85 = 90 92’ 90 92
14 89 91 91 92 91
15 84 91 90 92 92
16 82 82 88 .88 92
17 85 86 90 91 91
18 79 91 91 90 92
19 90 78 92 92 92
20 84 87 90 92 88
21 85 87 88 88 91
22 78 72 89 91 92
23 79 85 91 92 92
420 24 85 89 92 90 92
25 88 93 92 92 91
26 " 81 86 ' 86 90 90
27 80 80 - 87 91 91
28 85 92 92 92

'-' Tests were not done
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" APPENDIX D

MEAN VARIATIONS OF VARIOUS PARAMETERS
WITH SOIL DEPTH & TIME IN THE
SOIL COLUMN STUDY
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Table Dll. Nitrate Reduction and Dissolved Oxygen Cohcentration
ths for Different Levels of Ground-

at,Various Dep
t’{t'er .
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. .

[{ . i ‘ : :
- Time Depth ‘to, ' = Savpling Points . Mean Mean = Remarks
-7 period water , nitrate ' Dissolved {
- Lo table No. : - Depth from removal Qxygen
: : top of the Cone.
] e * ground
(cmm) (mm) - (%) (mg/L)
1,2,3,4 1000 ~ 8l 2.0 All the
- 5,6. 900 79 2.2 STELNg
. 26/2/81 7,8 © 800 78 2.4 wore |
. to L4 " ‘. o2 were 1n
6/3/81 450 9,10 700 71 2.6  Satursted
. . . zone - v
11,12 600 15 - 2.9 .
13,14 500 29 4,5
‘ . 15,16 - . 400" 21 4.5
~ 1,2,3,4 1000 80 2.1, All the
. )
2/4/81 A~ 5,6 - 900 79 2.3. Sa‘fptslmg
to 650 7,8 800 74 2.8 berein
23/4/81 , ! - R ‘
. - saturated
19,10 700 64 3.0, |
11,12 © 600 39 4.1 i
i
- 1,2,3,4 1000 79 . 2.2 Bll the | 1
" 4/6/81 " _ T , ' sampling . |
- to 800 516 900 78 . 2.3 points were}
23/7/81 ‘ 7,8 800. 74 2.9  in satura-
: ted zone )
3 9,10 700 64, 3.2 roent 9 :
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KPPENDIX E

AMBIENT WEEKLY "TEMPERATURE VARIATION
1

DURING THElSOIL COLUMN STUDY
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Table E1. Ambient Weekly Temperature Nariation During the

Soil Column Study. .
. Date | R Temperature °C
7 ) - .
30/6/80 _ o4 28
7/7/80 T 25 -
i " 15/7/80 o .24
22/7/80 ) o 25
29/7/80 24
5/8/80 . - | 25
12/8/80 - . .25 .
19/8/80 ' 24
26/8/80 | 25
2/9/80 24 N
10/9/80 o ' 24
16/9/80 ‘ 25
23/9/80 . CoL 24
30/9/80 ‘ . 24
8/10/80 . . 24
15/10/80 - ' 23
22/10/80 . 24
28/10/80 . 25
’ 4/11/80 . - 24
11/11/80 : : 23~
18/11/80 .23
25/11/80 ) ) 24
2/12/80 24
_ £9/12/80 23
- 16/12/80 24
22/12/80 25
1.30/12/80 25 .
5/01/81 ' ) 35 g

! 12/01/81 . . 23 '

R e T L e e



P

e o e ———— . 8

N
" .
. -
. ..
. 1
P :
.
3
.
.
.
.
B
.
1
.
.
\
.

"
.
. -
—
17

L]
..
) . b
- 270 -
v .
.
“»
‘.
Pl
N
. .
, .
. . .
.. , .
.
.
L

APPENDIX F °

STATISTICAL ANALYSIS
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