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Abstract

This study is aimed to evaluate slow sand filtration as tertiary treatment of secondary wastewater
effluents at pilot scale using different sizes of local sands. The wastewater was taken from extended
aeration Treatment Plant of North Aramco. Two different sizes of local sand with effective sizes of 0.31
mm and 0.56 and 55 cm were investigated. The investigation was carried out over a period of about one
year in order to include the seasonal variations in wastewater influent quality to the filter. It was found
that the percent removal for all the parameters analyzed were decreasing by decreasing the sand depth
and/or by increasing the sand size.

The pilot scale filter was successfully able to achieve consistent results. The average percent
removals of turbidity, BOD, COD, standard plate counts, and total coliform bacteria were 95, 89, 67, 93
and over 99%, respectively. In view of the results, it was found that efficiency of the filter at all sand
depts and sizes with respect to the percent removal of bacterial contaminants were exceptional to an
extent that the effluent would easily qualify for unrestricted irrigation according to the standards
employed in the Kingdom. Also, it was found that the filter could be operated until the sand depth is
reduced to 55 cm. due to cleaning purposes without any problem. The starting depth of the filter sand was
145 cm. The average percent removals of turbidity, BOD, COD, bacteria were 91, 83, 50, 88 and over
93%, respectively, in a sand bed of 55 cm. The effect of the sand size on percent removal was marginal. It
may be suggested to use coarse sand with deeper bed compared to fine sand of shallow bed to get the
desired efficiency.
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This study is aimed to evaluate slow sand filtration as tertiary treatment of
secondary wastcwater effluents at pilot scale using different sizes of local sands.
The wastewater was taken from extended aeration Treatment Plant of North
Aramco. Two different sizes of local sand with effective sizes of 0.31 mm and
0.56 mm were used. In both cases, three different depths of sand bed, e.g., 135,
105 and 55 cm were investigated. This investigation was carried out over a
period of about one year in order to include the seasonal variations in wastewater
influent quality to the filter. It was found that the percent removal for all the
parameters analyzed were decreasing by decreasing the sand depth and/or by
increasing the sand sizc.

The pilot scale filter was successfully able to achieve consistent results.
The average percent removals of turbidity, BOD, COD, standard plate counts,
and total coliform bacteria were 95, 89, 67, 93 and over 99%, respectively. In
view of the results, it was found that efficiency of the filter at all sand depths and
sizes with respect to the percent removal of bacterial contaminants were excep-
tional to an extent that the effluent would easily qualify for unrestricted irrigation
according to the standards employed in the Kingdom. Also, it was found that the
filter could be operated until the sand depth is reduced to 55 cm due to cleaning
purposes without any problem. The starting depth of the filter sand was 145 cm.
The average percent removals of turbidity, BOD, COD, Standard Plate Counts,
and total coliform bacteria were 91, 83, 50, 88 and over 93%, respectively, in a
sand bed of 55 cm. The effect of the sand size on percent removal was marginal.
It may be suggested to use coarse sand with deeper bed compared to fine sand of
shallow bed to get the desired efficiency.

It was also found that the presence of algal blooms are critical for the per-
formance of the slow sand filter as they resulted in decrcasing the operational
cycle about three folds. It was observed that the coarse sand resulted in longer

duration of filter operation as compared to the fine sand, i.c., 84 days against 26
days for almost similar quality of the influent.

MASTER OF SCIENCE DEGREE
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA
DATE: JUNE, 1990
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CHAPTER 1
INTRODUCTION

The rapid growth of industries along with huge growth of population all
over the world has resulted in a large demand for water. This has led to acute
water shortage since the natural sourccs of water can only mect the demands
to a very limited extent. In fact, projections of water demand and supplies
show that the situation in the Kingdom of Saudi Arabia is critical in many

areas (57). This leads us to conserve watcr by reuse of wastewater effluents.

The reuse of wastewater has a valuable economical sources of water for
agriculture and livestock production as well as industrial use (8,18,57). Litera-
ture (58) showed that 60% of wastewater is reused for agricultural irrigation,
30% for industrial cooling and process waters and about 10% for fish and

wildlife, recreation, and groundwater recharge.

In the Kingdom, the rcuse of wastewater is in its carly stages of develop-
ment, and requires extensive treatment and control with strict water quality
standards (18). The health authoritics of the Kingdom have adopted the cri-
teria of 23 MPN/100 ml on a 30 day average basis for unrestricted agricultural
reusc of wastewater (51). According to the Third Five Year Development
Plan, the Kingdom of Saudi Arabia will recycle 335 million cubic meters per
year of wastewater by the year 1990 and this quantity will rcach to 730 million
cubic meters by the year 2000 (57). Since direct reuse of secondary cffluents is
not justified mainly because of potential health hazards, in this aspect tertiary
treatment is sclected to improve the quality to such an extent that it may be

directly reused.

Tertiary wastewater trcatment technology is designed to remove



pollutants, which cannot adequately be removed by conventional secondary
treatment processes. These pollutants may include soluble inorganic com-
pounds, organic materials, bacteria, viruses, turbidity, or soluble minerals
which may interfere with reuse of the wastewater. So, the purpose of tertiary

treatment of wastcwater is to provide a water quality adequate for reuse (10).

Generally, the techniques of tertiary wastewater consist of : micros-
trainers, lagoons, sand filtration (slow, rapid, upward flow filtration), upward
flow clarifiers and nitrifying filters (12). One of the attractive techniques
adopted in this study is “Slow Sand Filtration”. The reason bchind this choice

is summarized as follows :

Slow sand filters are widely used for purification of potable water due to
their ability to produce a high quality filtrate. As the name implics, the key to
the performance of a slow sand filter is the very low filtration rate. Rates
listed in the literature range from 0.04 to 0.4 m/h with 0.12 m/h being a com-
mon value (21). This rate is approximately 100 times slower than a rapid sand
filter and thus a comparable capacity slow sand filter will require 100 times
the arca of a rapid filter. Other disadvantages are their poor performance at
low temperature and poor workability at high turbid waters. It should be real-
ized however that the first two disadvantages are not a problem for Saudi Ara-
bia while the third is of a little concern in view of the characteristics of the sec-

ondary effluents. The advantages of slow sand filters are (50) :

* Stable and effective SS and bacterial removal.
* Can be built with local materials using local skills and labour.
* Avoid much of the complex mechanical and electrical equipment.

*. No chemicals are necessary

of7!



Slow sand filtration is widely used for water treatment, but it is very
limited for wastewater treatment. The literature on slow sand filtration as a
tertiary trecatment process is very limited. Most of the results obtained bascd
on experimental observations depended on laboratory scale models. However,

satisfactory results were obtained in these studies .

It is proposed in this study to evaluate the performance of slow sand fil-
ters in treating sccondary effluents. Two sizes of local sand have becn investi-

gated for different depths of sand bed (135,105, 55 cm) using the same hydrau-
Q _

lic loading == 0.16 m/hr. Furthermore, this study also investigated the

effects of summer and winter seasons on the operational parameters. This
study is, as it is belicved, a continuation to the study conducted by Al-Adham
(1) in order to investigate the dcsign criteria ranges for slow sand filtration in

the Kingdom as an alternative of tertiary treatment of wastewater effluent.



CHAPTER 2
LITERATURE REVIEW
2.1 Need for Wastewater Reuse
2.1.1 Water Resources in the Kingdom

The Kingdom is an arid country extending over an area of 2,125,000 sq.
km. and current population of about 15 million. This vast country has wide
variations in climate as annual rainfail varies from 500 mm in the mountain-
ous southwest region to near zero in the Rub’al Khali rcgion. There are no
rivers or fresh water lakes. However, it has large reservoirs of geologically
trapped groundwater , which is the primary source of water supplies in the
Kingdom . Available water resources may be divided into two categorics :
Conventional resources such as aquifers and saline water conversion and non-
conventional through watcr conservation and reuse. By far, the largest source
of groundwater comes from the deep aquifer system in the Eastern, Northern
and Central regions, and to a less extent from the shallow aquifers in the West-
ern region. The best current estimates of walter availability to the Kingdom

are shown in Table 2.1 (57).

The heavy down draw in the acuifers, the traditional source of water
with little or no recharge, there exists a (.1.angcr that thesc aquifers will totally
dry up. The high costs associated with current desalination production technol-
ogy and the long distances for conveyance, desalinated sea water cannot
presently be regarded as a viable long-term substitute for groundwater in meet-
ing domestic users’ need completely (18,26). Therefore, it is imperative to ook

into the feasibility of reusing municipal wastewater as water source.
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2.1.2 Wastewater Reuse

Most wastewater treatment schemes cover conventional secondary treat-
ment which can be characterized in terms of three main parameters : biochem-
ical oxygen demand (BOD), total suspended solids (TSS), and fecal coliform
(FC) concentrations. In general, the 30-consecutive day arithmetic means for
BOD and TSS should be less than 30 mg/l; while for the fecal coliforms, the
limit is 200 FC/100 m1 (58). The major concern of wastewater rcuse is related
to health aspects. The bacteriological standards set for unrestricted irrigation
in the State of California are 7-day maximum coliform concentration not in
excess of 2.2 MPN/100 ml and a 30-day maximum coliform concentration not
in excess of 23 MPN/100 ml (26,45,55). The quality criteria for wastewater
reused for industrial cooling system in a large refinery and petrochemical com-
plex, etc., were rclated to scale formers, corrosion, and biogrowth (41). There
can be many applications for reclaimed wastewater in different categorics of

reuse such as irrigation, industry, groundwater recharge, etc.
2.1.3 Wastewater Reuse Criteria in the Kingdom

Actually, reclamation of wastewater is in its early stages of development
in the Kingdom, and requircs extensive treatment and control in accordance
with strict water quality standards. Advances in treatment technology and the
improvement of sewerage nctworks have resulted in the ability to utilize this

resource for irrigated landscaping and industrial uses (18).

The concept of wastewater reuse given impetus by a legal ruling given
by religious scholars of Islamic Council of Research and Consultation in April
1979. The ruling declared that treated wastewater can be used for all religious

rituals, etc., and was considered clean for human use if it meets thc health
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standards (15,16,17,26). Jeddah Municipality allowed reuse of untreated scw-
age for urban landscaping along highways, since 1984. However, this practice
has been replaced by secondary treated water. In 1981, the Riyadh Region
Water and Sewage Authority and Ministry of Agriculture and Water estab-
lished standards of unrestricted irrigation as shown in Table 2.2 (26,51). How-
ever, the criteria for reuse of wastewater for irrigation now under discussion is
likely to be much more stringent, and most of the existing treatment plants in

the Kingdom may not meet the requirements without an advanced tertiary

treatment unit (26).

TABLE 2.2 : STANDARDS FOR UNRESTRICTED IRRIGATION (26,51)

PARAMETER STANDARDS
BOD 10 mg/l
Nitrate 10 mg/l
TSS 10 mg/l
Fecal Coliforms
7 day average value 2.2 MPN/100 ml
30 day average value 23 MPN/100 ml

2.2 Filtration for Wastewater Reuse

Filtration is defined as physical, chemical and to some extent biological
process for removing suspended impurities from water or wastewater by pass-
ing it through porous mcdia (46). The filtration treatment has been introduced
in the early 19th century, but its application to wastewater has not been well-

cstablished. Strict standards for quality have increased practice in wastcwater
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filtration dramatically in the last twenty years. Wastewater filtration is consid-
ered among the well-established processes for the tertiary treatment of secon-

dary effluents (12, 14, 31, 33, 43, 56, 58).

Filters used for treating wastewater are essentially similar to those
employed for the trcatment of drinking water; the processes , however, have

significant differences mainly due to the fact that (7) :

more removal of impurities on the surface of the sand due to particle

size

- compressibility criteria of wastewater plays a role on filtration limiting
the pressure applied and plugging the bed surface

- large variations exist in the grain size distribution of the wastewater

- filter media particles may be coated by slim growth formed by bacteria,

reducing the bed capacity.

Variety of mcthods are established for filtration, including microstrain-
ers, lagoons, and precoat filters; however, granular media filters are well rec-

ommended method of filtration (30, 31, 33, 56).

Slow sand filters are different from the rapid sand filters in terms of sev-
eral aspects. Table 2.3 shows a comparison of the general features of both

slow and rapid filters (14).

2.3 Rapid Sand Filtration

~De Leon et al. (11) conducted rescarch on microorganism removal from
wastewater by rapid mixed filtration. They concluded that removal of natu-
rally occurring coliphage and coliphage 2 were similar upon alum and polymer

addition and averaged about 38%. Considering the simian rotavirus SA-11

~nr



Table 2.3 :

GENERAL FEATURES OF CONVENTIONAL SLOW AND
RAPID SAND FILTERS (14)

Slow Sand Filters

Rapid Sand Filters

Rate of filtration
Arca of the filter
Depth of bed

Size of sand

Grain size distri-
bution of sand
Head loss

Length of run bet-
ween cleanings
Method of cleaning
Amount of water
used in cleaning

Cost of construc-
tion

Cost of opcration

0.1 to 0.4 m/hr
Large, 2000 m?
30 c¢m of gravel, 90
to 110 cm of sand
ES 0.15-0.35 mm
UC 3 or less sand
Unstratified

6 cm initial to

120 c¢m final

20 to 60 days
Scraping off
surface layer

0.2 to 0.6% of
water filtered

Relatively low

Relatively low

4 to 21 m/hr
Small, 40-400 m?
30 to 45 cm of
gravel, 60 to 70 cm
of sand

ES 0.35 mm or more
UC 1.5 or less

Stratified

30 cm initial to
275 cm final

12 to 72 hours

Backwashing

1 to 6% of
water filtered

Relatively high

Relatively high
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and coliphage f2 as worst possible situation as far as animal viruses are con-
cerned can probably be expected by mixed media filtration after the addition
of 1.5 mg/l of alum and 0.25 mg/l of polymer averaged 21-38%. As expected,
detection of human enteric viruses in the chlorinated sewage discharge was
erratic. They further concluded that filtration was effective in reducing the

fecal coliform bacteria.

Pomona virus study was a major rescarch project that investigated the
efficiency of virus removal by a conventional municipal water processing
scheme of coagulation, sedimentation, filtration, and disinfection and direct fil-
tration scheme without prior flocculation and sedimentation. The influent
wastewater was seeded with a sufficient polio virus concentration to produce
measurable effluent virus counts in order to cvaluate process removal effi-

ciency. It was reported that the two schemes performed equivalent (22).

Al-Sawaf (45) investigated the treatability of secondary effluent of
North Aramco Wastewater Treatment Plant (NAWTP) by tertiary treatment
using a direct filtration system. Two Kinds of wastewater effluent (chlorinated
and unchlorinated) were investigated. He concluded that direct filtration with
dual medium was an cffcctive tertiary process for Aramco secondary effluents
in terms of effluent quality, hcad loss. The a\~‘cfage turbidity removal ranged
from 75 to 90% using various chemical dosages. He also studicd the removal
of turbidity without chemical addition. He concluded that the effluent turbid-
ity exceeded 1.0 NTU with percent removal averaging from 28 to 39%. Even-
tﬁa]ly, he reported that 90% of the coliform bacteria were removed in the fil-
tration process at alum dosages 5 mg/l and 95% when the alum dosage was 10

mg/l. The recommended nominal filtration rate is 4 gpm/sq.ft (9.8 m/hr.).

Suhail (55) investigated on a bench-scle study the tertiary treatment of
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North Aramco Wastewater Treatment Plant (NAWTP) in order to be utilized
for unrestricted reuse of landscape irrigation. The process employed for this
study was coagulation, flocculation, sedimentation, filtration and chlorination.
Two kinds of wastewater cffluent (chlorinated and unchlorinated) were investi-
gated. He reported that the overall percentage of turbidity removal for chlori-
nated secondary effluent ranged from 16 to 61% after scdimentation, while it
ranged from 77 to 92% after the filtration process at various chemical dosages.
The coliform count in the unchlorinated wastewater was reduced by 98%. The
system was able to successfully satisfy the standards for coliform as it was

reduced to 2.2 MPN/100 ml.

Hammer et al. (22) reported that all of the results from the above two
studies showed that the performance of dircct filtration (45) was equal or
superior to the conventional svstem (55). Therefore, direct filtration is pre-

ferred because it significantly lowered the cost of construction and operation.
2.4 Slow Sand Filtration

Conventional slow sand filters have been used in the treatment of drink-
ing water; however, their application in advanced treatment of sccondary effl-

uent is a new phenomenon due to their simplicity and effectiveness.

Slow sand filtration is considered the cheapest, simplest and most effi-
cient for water treatment. Slow sand filters are the first modern treatment
techniques uscd for the purification of clean water. They are still extensively
employed in potable water industry for their well-known consistency of pro-
ducing highly purified filtrate. Slow sand filters are widely used in treating
potable water even in highly modernized regions. For example, they cover 72

hectares of land arca for the treatment of London’s potable water (46). A sur-

o7
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vey of 27 slow sand filtration plants in the United States indicated that most of
these plants are currently serving communities of fewer than 10,000 people, are
more than 50 years old, and are effective and inexpensive to operate (54).
Basically speaking, Slow sand filters arec more convenient for developing coun-
tries since local skills and materials can be used. Moreover, they are more effi-
cient than rapid filters in removing microbial contaminants (6, 13, 20, 24, 49,

50).

The applications of slow sand filtration for wastewater trcatment are
very limited. Most of the results available in the literature are obtained based
on experimental observations which depended on laboratory scale models.
Slow sand filters reduired large land areas, besides their poor performance at
low temperatures and poor workability at high turbid waters. It should be
realized that the first two disadvantages arc not a problem for the Kingdom,
while the third disadvantage is dependent on the characteristics of the wastc-

water . Coupling those with the following advantages of slow sand filters :

- it is very stable and effective in removing suspended solids (SS)
and bacterial contaminants.

- can be built with local matcrials using local skills and labor;

- avoid much of the complexity in mechanical and electrical equip-
ment as compared with other treatment methods; and

- no chemicals will be used, so avoiding the hazards along trans-
porting and storing of those chemicals. From the previous dis-
cussion, it is concluded that slow snd filtration would be an

appropriate tertiary treatment process for the Kingdom.

2.4.1 Construction Features of Slow Sand Filter
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Filter Box: The filter box is usually rectangular or cylindrical in shape and has
vertical walls over 3 m in height. The most common materials used for con-
struction are reinforced concrete or steel with concrete floor . Filter boxes
should be watertight to prevent loss of water. The filter box essentially serves
as the housing for three sections, viz., under drainage, gravel, and sand of
which only the sand has direct role to play in the purification. The water res-

ervoir above the sand bed can be considered for improving the water quality

(13).

Underdrainage: The underdrainage system plays an important role in provid-
ing an unobstructed passage way for the treated water to leave the underside
of the filter. The drainage system should be carefully designed so that it can
be inspected, cleaned or repaired without the complete removal of the filter bed

material. The underdrains take various forms such as (20) :

- Bricks carefully laid to form channels
- perforated pipes

- porous concrete covering drains.

One layer of 10-20 cm thickness would be sufficient for bricks with 10
mm openings between adjacent bricks (50). Bellamy et al. (5) stated that
drain tiles are placed at the bottom of the gravel support to collect the filtered

water.

Gravel: Used to prevent the filter material from entering and blocking the
underdrainage system, a series of graded gravel layers can be used. The under
layer of coarse size should be large enough to keep the openings in the filter
bottom free; and the upper layer so fine that the overlying filter sand will not

sink into its pores. Four layers will be required , i. e., 0.4-0.6 mm, 1.5-2.00

o€z
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mm, 5-8 mm, and 15-25 mm size each layer about 10 cm thick (50). Gravel
ensures a uniform abstraction of filtered water when a limited number of
drains are provided. It was suggested that a thickness of 10-30 cm of graded
gravel (20). Bellamy et al. (5) suggested a depth of 30 to 50 cm of graded
gravel. Seelaus et al. (48) suggested size and depth of 5 layers of gravel as fol-

lows :

Size (mm) Depth (cm)
3.0- 6.0 5
6.0-12.5 10
12.5-19.0 10
19.0-37.5 13
37.5-62.5 23

Paramasivam et al. (38) suggested 5 layers of gravel to make 40 cm of

depth as follows :

Size (mm) Depth (cm)
0.7- 1.4 6
2.0- 4.0 6
6.0-12.0 6
18.0-38.0 12
50.0 10

ng >
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Fair et al. (14), Gumerman et al. (21), Paramasivam et al. (39), and
Salvato (44) suggested depth of 30 cm. Montgomery (36) suggested a depth of
50 cm. Poynter and Slade (40) suggested a depth of 15 cm. Steel (53) sug-

gested 3 layers of gravel as follows :

Size (mm) Depth (cm)
4.5- 9.0 5
9.0-18.75 5

18.75-50.0 17.5

Stezak and Sims (54) suggested 3 layers of gravel as follows :

Size (mm) Depth (cm)
3.0-10.0 10.1
6.0-18.0 10.1
18.0-50.0 10.3

Barnes and Wilson (4) suggested depth of gravel between R and 60 cm.

Filter Bed: Although various materials have been introduced as a filter bed in
slow sand filters, sand is the most pronounced. The sand is characterized by
its effective size (ES), which is defined as the diameter for which 10% of the

sand is finer by weight (D), and its uniformity coefficient (UC), which is

defined as the ratio of (D 5 u)/(D1 u). So, the literature of sand is discussed her-

L3 ¥ Al
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con.

Sand Size: The filter sand through which the water is passed should be free
from clay, loam and organic matter; if necessary, the sand should be washed.
Some degree of uniformity is desirable in order to ensure reasonable pore sizes
and a sufficient porosity, by sieving out the particles which are too small or too

large (20). Sand with an effective size (D_ ) about 0.2 mm and a coefficient

of uniformity (UC) less than 3 is normally slected . When such sand is not
available a coefficient of uniformity up to 5 may be accepted, and an effective
size of the sand ranging from 0.15 to 0.35 mm. Builder’s grade sand often sat-
isfies these requirements (50). Removals of total coliform bacteria declined
from 99.4 percent for 0.128 mm sand to 96.0 percent for 0.615 mm sand (6).
Bellamy et al. (5) suggested effective sand sizes ranging from 0.15 to 0.35 mm
with UC less than 2. Ellis (12) used in his study two different sizes of sand
(D,,) = 030 mm UC = 2.0; (D, ;) = 0.60 mm UC = [.2. Fair et al. (14)

suggested (D, ) = 0.25-0.35 mm, UC between 2-3. Fox et al. (19) suggested
(D,,) = 0.17 mm, UC = 2.1. Huisman and Hood (24) reported that UC of

less than 3 should always be chosen; UC of less than 2 is preferable, but there
is little advantage, in terms of porosity and permeability, in sand having UC

below 1.5 if additional cost is thereby incurred. (D, ) having 0.15 to 0.35 mm

was recommended. Montgomery (36) and Barnes and Wilson (4) suggested

sand size (D_ ) = 0.25-0.35 mm. Salvato (44) stated that sand with D, =

0.25-0.35 mm and UC = 2-3 was recommended. Seelaus et al. (48) suggested
sand size (D, ) = 0.28 mm and UC value of 1.4. Steel (53) suggested sand

size (D, ;) = 0.25-0.35 mm and UC less than 3. Stezak and Sims (54) sug-

gested (D, ) = 0.1-0.5 mm.
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Sand Depth: In practice, it has been found that the full bacterial activity
extends over a depth of about 60 cm of filter bed so that the effective bed
thickness should not be less than 70 cm ; so the initial bed thickness should be
30-50 cm more, in order to allow for a number of filter scrapings before
resanding. The filter bed is normally 100-120 cm thick (50). Bellamy et al.
(5), Salvato (44), and Steel (53) reported that the depth of sand bed ranges
from 60 to 120 cm. Bacterial removal is not overly sensitive to sand bed depth
in excess of 48 cm (6). Culp et al. (10) suggested a depth of 30 to 75 cm.
Ellis (12) suggested 95 cm as a sand bed. Fair et al. (14) suggested sand bed
of 60 to 105 cm. Fox et al. (19) suggested sand bed of 76 cm. Gumerman et
al. (21) recommended sand bed depth ranging from 60 to 140 cm with 107 to
122 cm being the most popular. Montgomery (36) and Paramasivam et al.
(39) suggested sand depth of 100 cm. Poynter and Slade (40) suggested sand
depth of 60 cm. Stezak et al. (54) suggested sand depth ranging from 38 to
183 cm. Barnes and Wilson (4) suggested depth of sand 90 ¢cm (UK) to 120
cm (USA).

The Water Reservoir: The depth of water over the filter bed is usually kept at
about 100 to 150 cm. It provides a pressure or head of water, to drive the
water through the fine spaces in the sand and to overcome resistance in other
parts of the system; it also provides a storage period since each drop of water
entering the filter stays several hours in the supernatant water layer before it
reaches the sand surface (20,24). Fox et al. (19) suggested water above sand
bed 125 cm. Gumerman et al. (21) recommended water depth ranging from
100 to 125 cm. The water to be treated stands to a depth ranges from 100 to
150 cm above the filter bed (24,49,50). Montgomery (36) suggested depth of

120 to 150 cm. Paramasivam et al (38) suggested depth of 113 cm.
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Paramasivam et al. (39) suggested depth of water above sand bed of 100 cm,
Poynter and Slade (40) suggested depth of 150 cm. Weber (61) suggested

water depth ranging from 90 to 150 cm.
2.4.2 Hydraulic Loading

Hydraulic loading rates range from 0.04 to 0.4 m/h (5). Bellamy et al.
(6) and Fox et al. (19) suggested flowrates of 0.12 m/h. Ellis (12) suggested
flowrate between 0.15 and 0.30 m/hr. It was stated that the usual rate lies
between 0.1 and 0.2 m/h (20). Montgomery (36) suggested flowrate between
0.125 and 0.625 m/h. Flowrate of 0.1 to 0.3 m/h was chosen (39,50). Seelaus
et al. (48) suggested flowrate of 0.26 m/h. Stezak and Sims (54) suggested
flowrate range between 0.1 to 0.4 m/h. Barnes and Wilson (4) suggested flow

rate range between 0.1 and 0.23 m/h.

Mode of Flowrate: The slow sand filters are commonly operated at constant
rate filtration; however, in some instances, they are operated at declining rate
filtration. This is normally done by closing the inlet valve but keeping the out-

let valve open during overnight shutdown.

Constant-Rate-Filtration: The flowrate in a constant-rate filter is controlled by
an effluent valve. In the first stages of filter run, the filter bed is relatively
clean and provides little resistance to the flow ; thus at the start of a filter run,
the effiuent valve is open a little. As a filter run progresses, the surface of the
sand bed is blocked and head loss across the bed increases. The valve gradu-

ally open to counteract head loss, thereby maintaining a constant-filtration rate

(9).

Declining-Rate-Filtration: In declining rate filtration, the resistance of clean

bed is low at first, and the flowrate is high. As the filter clogs with solids,
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resistance through the filter bed increases, which causes the flow rate to
decrease. Declining rate filter includes such benefits as economy and ease of
operation (9,20). If both inlet and outlet valves are closed for overnight shut-
down, intermittent operation, the water above the sand bed surface becomes

stagnant.

Intermittent Operation: Intermittent operation of slow sand filters is not advi-
sable. This causes lower levels of water in contact with a highly biological
active layer of sand (i.e. Schmutzdecke). This may lead to anaerobic condition
when the dissolved oxygen is depleted (13,20,24). Investigations were carried
out on pilot slow sand filters to study the effect of intermittent operation on
the quality of filtrate. It has been observed that the bacteriological quality of
filtrate is adversely affected (38).

2.4.3 Aerobic and Anaerobic Activity

Since biological activity is an important effect parameter in filtration, it
is wise to emphasize the aerobic nature of the biological activity in slow sand
filter. The biological processes will only continue to operate without harmful
effects while enough dissolved oxygen is present in the influent. Huisman and
Wood (24) suggested that aerobic biological activity will only continue if the
influent to the filter contains a minimum of about 3 mg/l of dissolved oxygen

and even at this level, the filtrate will probably be anoxic, charged with CO 2t

A number of undesirable results, including taste and odor and more impor-
tantly the percentage removal of intestinal bacteria will be more lower than

under aerobic conditions.

2.4.4 The Purification Mechanisms

o2l



20

The purification process introduced by slow sand filtration is so com-
plex, although it is the oldest known method of treatment, it is not fully under-
stood. The following two distinguished mechanisms are expected to take place
after commissioning of the filter which lead to effective removal of suspended
contaminants. (1) Sedimentation and straining, (2) chemical and bacteriologi-
cal. Huisman and Wood (24) suggested mechanical straining, sedimentation,
adsorption and chemical and biological activity as the important processes of

slow sand filtration .

Sedimentation and Straining: Sedimentation and straining are taking place
during the first few days of operation. The supernatant water above the sand
bed is about 100-150 cm deep, and the average time that the sample will
remain above the sand is from 3 to 12 hours, depending on the filtration rate.
The heavier particles of suspended matter start to settle while the lighter parti-
cles are drawn into the pores between the sand grains and removed by strain-
ing on the top few millimeters. During the filtration process, a layer of inert
deposits and biological matter forms on the top layer of the sand bed. This
layer is referred to as Schmutzdecke. Moreover, biological growth also occurs
within the sand bed and within the gravel support. Both the schmutzdecke
and the biological growth have significant effect in the purification mechanism

(5,6,13,20,24,30,50).

Chemical and Bacteriological: On the surface of the sand, there is a thin layer
of material, schmutzdecke, which consists of thread like algae and numerous
other forms of life including plankton, diatoms, protozoa rotiferes, fungi, bacte-
ria, and actinomycetes, some of which may also live several centimeters below
the sand surface. When the water passes through this layer, nearly all sus-

pended matter and bacteria are removed. Some of the coloring matter and
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organic matter are also removed through this layer. The impurities stick to the
bacterial slim and are subsequently broken down by biochemical action. The
bacteria which were present in the sample are caught up in the schmutzdecke,
since the amount of organic matter will not be sufficient to support the bacte-
ria. which will, in turn, slowly die out or may be eaten up by protozoa.
Accordingly, some of the living organisms feeding upon bacteria will also be
affected. As a result, some additional organic matter will be available from the
dead organisms which will be feeding for bacteria at lower depths of the sand.
This feeding will be depleted at deeper depth. In other words, the original deg-
radable organic matter present in the sample will be gradually broken down
and discharged with the effluent as inorganic compounds such as nitrates, sul-

fates, phosphates and carbon dioxide (13,20,24).
2.4.5 Effects of Algae

Algae are photosynthetic eucaryotes. They may be unicellular or Multi-
cellular. Algae are found in all natural waters where light penetrates; more-
over, algal blooms can develop whenever there is standing or slow-flowing
body of water. They are classified by morphology and life cycle (34). There
are several forms of algae and that can be present in water in a very high con-
centrations as high as 35,000 forms/ml or even 45,000 forms/ml. Some forms
of algae have significant effects on the working of a biological filter. These
effects may be beneficial or harmful depending on a variety of conditions. The
algae may enter the filter along with the influent drawn from the reservoir or
develop directly in the filter as a result of certain nutrients, (particularly

nitrates and phosphates) and under the influence of sunlight. -

The major adverse effects of algae on the operation and efficiency of a

slow sand filtration are :
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- early blocking of the filter
- increase difficulties associated with filter cleaning

- increase in concentration of soluble and biodegradable organics.

Other changes would also occur as a result of the presence of algae. For
example, during the photosynthetic activity of algae, inorganic carbon sources

as dissolved CO,, bicarbonate and carbonate are used for anabolic processes.

This both reduces the natural buffering capacity and produces hydroxyl ions.
As a result of this, the pH would increase (up to PH 10, or even higher). As a
consequence, magnesium hydroxide and calcium hydroxide are precipitated
onto the sand grains. Algae are able to produce oxygen in relatively large

quantities as a result of photosynthesis (13,20,24,50).

CO, + 2H,0 + sunlight......... CH,O + 0O, + H,0

The dissolved oxygen content would rise to as much as three times the
theoretical saturation level during the day time (24). However, the reverse
reaction will occur during the night time . The rate at which algae consume
oxygen from the water may only be 10 to 15% of the rate of their production
during the day. The presence of high concentration of algae may cause anae-

robic biological activity and in turn produces tastes and odors (13).

Algal growth in filters is not totally disadvantageous. At moderate con-
centrations, they help in building up the filter skin. They also perform a useful
service in providing the water with oxygen. The algae themselves, according to
some investigations, produce substances harmful to bacteria, thus reducing
their chances of survival. At high concentrations, however, they should be

controlled by using one or more of a number of possible techniques. Both
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chemical and physical methods may be employed. Physical controls include
harvesting the algal blooms from water surface periodically. Centrifugation is
the most rapid and simple means of harvesting; however, it is costly. A more
realistic approach is autoflocculation, which occurs in shallow ponds when the
pH becomes above 9.5. The flocs settle out and can be recovered in the same
method used for sludge collection (34). Covering both the filter and the feed
reservoir is another means to control algal blooms. Chemical controls include
prechlorination, preozonation, or addition of copper sulfate to the water (13).
Chlorination of the supernatant water has been attempted, usually employing
low chlorine concentrations 0.2 to 1.0 mg/l, but studies showed that even pre-
chlorination resulting in total chlorine residuals of 8.8 mg/l, prolonged the filter
run without affecting the treatment process. This is probably due to the pre-

vention of algal growth in the supernatant reservoir (27,61).
2.4.6 Head Loss Through Filter Media

Generally the head loss through a clean media is very small. As the fil-
tration operation in progress, clogging of the sand bed is increasing due to
accumulation of impurities on the surface of the sand. As a result, the poros-
ity changes with different degrees of clogging. So, mathematical expressions of
head loss are very complex to be calculated if not impossible. In fact, several
expressions have been proposed for computing the clean bed head loss such as
Carman-Kozeny, Fair and Hatch, Rose and Hazen equations (33,58). As an

example, the Fair and Hatch proposed the following equation :

36 Kv(1-n)* V 5 P

h/L = ;
/ gn® W? d’
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Where:

h/l = Headloss per unit depth of filter bed, m/m

K = Empirical constant equal to 5.0, dimensionless

v = Kinematic Viscosity, m?/s

n = Porosity, dimensionless

V = Filtration velocity, m/s

g = Gravitational acceleration, m/s?

w = Sphericity of grains (0.7 for angular and 0.8 for rounded)

P. = Fraction of total weight of filter grains in layer i, dimensionless
d, = Geometric mean diameter of grains in layer i, m.

The initial head loss through a filter depends on the size and depth of
media, the rate of flow through the filter, type of underdrains and general filter

piping arrangement.

Monk (35) stated that the total head losses cannot exceed the available
head i.e., the difference between the water level over the filter bed and the
water level over the weir. He further stated that, in order to avoid negative
pressures it is not necessary to locate the weir chamber above the filter bed or

to have an excessive depth of water over the filter bed .

Cleaning the Filter Bed: Cleaning should be conducted immediately following
termination of the filtration cycle, otherwise if the filter is kept for a few days
without cleaning, the overall effectiveness of the filter regarding contaminant
removal will be adversely affected. In particular, significant deterioration of
the bacteriological quality of the filtered water due to sloughing of these bacte-

ria with the filter effluent could occur.

Cleaning of the filter bed is done when the head loss exceeds the
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designed value or the required flow rate becomes less than the designed value
and in most cases because the filtrate quality is deteriorated. The interval
between scrapings depends on the contaminants present in the influent, the
hydraulic loading rate, the size, uniformity of the sand bed and particularly on

climatic conditions which greatly influence the development of algal blooms.

The filter will be drained to a level, 10-20 cm, below the sand bed so
that the filter skin and the top layer become relatively dry and easy to handle.
The upper 2 cm has to be removed. The filter will be refilled from the bottom
valve with clean water to a level of about 20 cm above the sand bed. This is
done to drive out air bubbles from the filter bed. Then the inflow pump will
be resumed again .The desired filtration rate will be adjusted by the outlet

valve and the filter will be operated as before.

Resanding: Sand replacement is necessary after repetitive scrapings which will
reduce the sand bed to its lowest acceptable depth. The resanding is usually
done as shown in Figure 2.1. Approximately, the top 20-30 cm of the sand
bed will be removed and kept at one side. After that, the filter will be refilled
with new sand to a level 20-30 cm below the maximum sand bed depth. After
that, the sand kept at one side will bc added on the top of the new sand. This
method is expected to reduce the time of schmutzdecke formation since it con-
tains all the organisms needed for proper biochemical functioning (24,50). At

this stage, the filter will be ready for the next operation.

2.4.7 Performance

Generally, the literature published on slow sand filtration is limited.
Moreover, most of the literature available is related to filtration of potable

water. Studies on experimental and pilot plant models as well as full-scale

nt
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water treatment plants showed excellent performance, especially in terms of SS
and microbial contamination. The reported performance of slow sand filters
regarding virus removal, as shown in Table 2.4 is worth noting (23). Poynter
and Slade (40) concluded that polio viruses were removed with an efficiency
similar to but slightly greater than that of bacteria. This similarity implies that
normal bacteriological methods can be indicative of virus removal. This con-
clusion, in fact, showed that assessment of viral quality of waters is an expen-
sive process, requiring highly specialized personnel.

TABLE 24 : PERCENT REMOVAL OF VIRUSES AND GIARDIA

LAMBLIA BY DIFFERENT FILTRATION PROCESSES
IN WATER (23, 40)

UNIT PROCESS Viruses Giradia Lamblia

Rapid Filtration with 99 98.8-99.9
Coagulation, Sedimentation

Direct Filtration with 90-99
- Coagulation 95.9-99.9
- No Coagulation 10 - 70

Diatomaceous Earth

Filtration > 99.95 > 999

Slow Sand Filtration 99.8-99.9999 100

Bellamy et al. (5) conducted pilot plant studies to determine the effi-

ciency of slow sand filters in removing Giardia cysts in particular and other
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substances. They reported that Giardia cyst removal exceeded 98 percent for
all operating conditions tested. Once the sand bed matures biologically will be
virtually 100 percent. Coliform removal exceeded 99 percent, averaged over all
operating conditions. For new sand, coliform removal reached 85 percent.
Removal of standard plate count bacteria and particles ranged from 88 to 91
percent and 96 to 98 percent, respectively. Their findings were confirmed by
Hansen (23) who observed the removal efficiencics of Giardia Lamblia by sev-
eral filtration methods as shown in Table 2.4. Bellamy et al. (6) conducted a
research to determine the influences of selected process variables on the treat-

ment efficiency of slow sand filtration . Their findings are summarized below.

Temperature: The slow sand filters removal efficiency decreased with declining
the ambient temperature in terms of coliform and standard plate counts bacte-
ria. However, Giardia removal efficiency was insensitive to temperature varia-

tions.

Sand bed Depth: The results showed that the bed depth can be reduced to 48

cm without significant effect on the bacteriological quality of the filtrate.

Sand Size: When the effective sand size of the sandbed was increased, insignif-
icant decrease in removal efficiency was reported on both coliform and stan-
dard plate counts . Giardia removal was again insensitive to sand size varia-

tions.

Hydraulic Loading Rate: Basically speaking, there was an apparent decrease
in removal efficiencies of total coliform , standard plate counts bacteria , and
turbidity with an increase in the hydraulic loading. However, it was reported

that within the range studied the difference was not substantial.
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The literature on the application of slow sand filter to wastewaters as a
tertiary treatment is very limited. Results from earlier studies (29) were below
the expected in view of the excellent performance of slow sand filters with
potable water. Ellis (12) investigated the viability, or otherwise, of slow sand
filtration as a means of tertiary treatment of secondary effluent derived from
conventional aerobic, biological activated sludge plant and from a percolating
filtration plant. The basic slow sand filtration unit used consisted of 14 ¢cm (in
diameter) and 265 cm (in height) filter unit containing 95 cm depth of fine
sand. Treatment rates either 0.14 m/hr or 0.29 m/hr and the sand used was of
an effective size of 0.3 mm and 0.6 mm. This work was carried out in different
stages. The principle objectives of these stages to investigate efficiencies of two
different sizes of sand; and to determine whether or not coarse sand (0.6 mm)
could be operated at a higher rate of flow; further, to study the effect of the
influent source on the filtrate quality. The investigation has demonstrated that
consistent removals of at least 90% of SS, more than 65% of BOD, 54% of
COD and over 95% of coliform were observed from secondary effluent from
an operational percolating filter plant. Slightly less removal were achieved
when the secondary efflucnt was taken from an operational activated sludge

treatment plant.

Ellis concluded that no nitrification was taking place during filtration
even when the dissolved oxygen content of the secondary effluent, influent to
the filter, was increased by aeration. As a comment to that, Scutt (47) raised
an interesting point in this regard. He pointed out that because Ellis’s conclu-
sion is based on a reduction in nitrate concentration during filtration, the pos-
sibility of nitrification taking place in the upper aerobic layers of the filter and

followed by denitrification due to absence of oxygen in the lower layers should
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not be eliminated.

Al-Adham (1) evaluated slow sand filtration at pilot scale as a tertiary
treatment process to the secondary effluent of the North Aramco Wastewater
Treatment Plant. In this study, a pilot scale consisted of 100 cm (in diameter)
and 340 cm (in height) filter unit containing 105 cm (initial depth) of local
sand with effective size of 0.23 mm. Treatment rates used were 0.08, 0.16,
0.24 m/hr. He concluded that slow sand filtration is very effective in removing
contaminants from secondary effluents to an extent that the filtrate would cas-
ily qualify for unrestricted irrigation. In view of the experimental results, 0.16
m/hr is suggested a suitable hydraulic loading for the design of similar systems
in the Kingdom. At this hydraulic loading, the observed average removals of
BOD, SS, turbidity, and total coliform bacteria were 86, 69, 88 and over 99%
respectively and the length of the filtration run was about 20 days. He also
confirmed that most of the purification is occurring at the top layers of the fil-
ter such that even a sand bed depth of 35 cm yielded significant levels of con-
taminants removal. Table 2.5 shows percent removal efficiency of slow sand

filter at different hydraulic loading (1).

Al-Adham (1) in his research also pointed out that nitrification is prob-
ably taking place at the upper layers of the sand bed, when he observed that
the average NO; + NO; concentration at the bottom sampling port is higher
than that in the influent. This observation may be reasonable since adequate

oxygen is present at the upper layers of the filter bed. He also pointed out that

denitrification is taking place, when he observed that the concentration of
NO; + NOj in the filtrate is lower than that in the sampling port. This is

probably true, since the dissolved oxygen concentration in deeper layer is

no
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decreasing, thus denitrification is more likely to occur.

Finally, it should be emphasized that the information and results pre-
sented in this chapter summarize the nature of slow sand filtration process,
there is no generalized approach for the design of full-scale filters. This is
mainly because of the variation of the influent characteristics which in turn
affect the filter performance. In that way, the best thing to ensure appropriate

performance of a filtration unit is to conduct pilot plant studies.

Table 2.5 Percent Removal Efficiency of Slow Sand Filter (1)

Parameter Hydraulic Loading

| I
0.08 m/hr 0.16m/hr  0.24 m/hr

BOD, mg/! 83.3 86 88.5
SS, mg/l 69.9 69 57

Turbidity, NTU 88.8 88 73.9
COD, mg/l 18.5 35.4 508

Total coliform bacteria

MPN/100 ml * > 99 *

Remarks:

* Not specified
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2.5 Need for the Study

Saudi Arabia is an arid country that lacks natural resources of water for
different purposes. Water demand is increasing day-by-day due to rapid popu-
lation growth, industrialization and agricultural activities. Thus, the reusc of
treated wastcwater is worthwhile idea, since the cost of other alternative

sources are Very expensive.

Eventually, the North Aramco Wastewater Treatment Plant is designed
‘to treat 30,000 m?/day. This plant utilizes the extended acration process to
produce a high quality sccondary effluent. The treated wastewater after the
chlorination is pumped to a spray field located 5 KM away where the cffluent
is percolated into the soil in a series of percolation ponds. Because of the lim-
ited permeability of the soil, this operation requires continuing management.
Moreover, this huge quantity of such high quality secondary effluent is being
disposed off without regard to its value. Reuse of this treated wastewater after

%

tertiary treatment is both environmentally beneficial and economical.

Slow sand filters can, not only be the simplest and cheapest, but also be
the most cfficient process for the tertiary treatment. In addition 1o that, their
poor performance at low temperatures and their large land area requirement

are not a problem in the Kingdom.

Study conducted by Al-Adham (1) evaluated pilot scale slow sand filter
as a tertiary process for the North Aramco Wastewater Treatment Plant Sec-
ondary effluent using one size of local sand with an effective size of 0.23 mm.
It is possible that this size of sand may not be the optimum. In order to dcter-

mine an appropriate size of local sand which can mect the requirements of the
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wastewater filters in Saudi Arabia and, at the same time, meet the optimum
operation (long filtration run and high filtrate quality) which will satisfy the
criteria and meet the health standards for reuse. Two different sizes of local
sand would be studicd along with optimizing of different design parameters.
Furthermore, this study will also investigate the effects of summer and winter

seasons on the operational parameters.



2.6 Objectives of the Study

The main objective of this study is to evaluate slow sand filtration as
tertiary treatment of sccondary wastewater effluents at pilot level for reuse

purposes.
The specific objectives can be summarized as follows :

1. Study of the effects of sand sizes: Two different sizes of local sand with (ES
= 0.31 mm, UC = 2.0; and ES = 0.56 mm, UC = 1.64) would be studicd
regarding removal efficiencies of various pollution parameters such as total
coliform bacteria, standard plate counts, turbidity, BOD, COD, nutrients,
heavy metals, etc. Also, to investigate the effect of sand size on the length of
operation run at a specified hydraulic loading and the head loss build up

throughout the operational run.

2. Study of the Effect of Sand Depth on Removal Efficiencies: Three different
depths of sand bed listed as 135, 105 and 55 cm would be studied to investi-
gate the optimum depth which can satisfy the criteria and meet the health

standards for rcuse purposes.

3. Study the Seasonal Effects: To investigate the effect of summer and winter
seasons on the opcrational parameters, because the algal growth in the influent
would be tremendous during summer, which may have an adverse cffect on the

length of the operational run and quality of the filtrate.

34
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CHAPTER 3

EXPERIMENTAL WORK

3.1 Experimental Set-up

The pilot-scale filter unit is located within the boundaries of the
KFUPM Agricultural Research Farm . There is an operational pipeline con-
veying secondary cffluent from North Aramco Wastewater Treatment Plant
(NAWTP). The NAWTP has a design capacity of 30,000 cubic meters/day
and is currently serving Aramco community in addition to KFUPM. It is an
extended acration plant yiclding a high quality secondary effluent (plant
records show that an average BOD and SS removals exceeded 97% (2)). The
effluent is stored in a holding pond (135x65%4 m) from which it is pumped, fol-
lowing chlorination, to a spray field located 5 KM away. At present, limited
reuse of the cffluent is being practiced in the form of landscape irrigation in a

very limited area.
3.1.1 Filter Unit

The filter unit was fabricated at the Central Research Workshop at
KFUPM. It was fabricated using threc 2 mm galvanized iron sheets. Each
shect was welded to form a hollow cylinder with an inside diameter of 100 cm.
The cylinders were connected to each other with angles using bolts and nuts.
A rubber gasket ring was placed between the angles to avoid lcakage.
Manometer and sampling ports were provided on the middle cylinder. An

overflow wier was mounted to the top cylinder to have a uniform and stcady
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inflow. A float switch was also fixed at the top cylinder to start and stop the
inlet pump so as to keep a constant water level above the sand bed. Outlet
and drain valves were provided to the filter. Figure 3.1 shows the description

of the filter unit and its auxiliaries.
3.1.2 Installation

A reinforced concrete slab of 15 cm thickness was made to give a
levelled and rigid base for the filter. Then the first cylinder, 100 cm in height,
was installed using a portable crane. The second cylinder, 120 cm in height,
was then mounted on top of the first cylinder and fixed with bolts and nuts.
Then, the top cylinder, 120 cm in height, was mounted on top of the second
cylinder. Finally, the float switch was connected to control the inflow. A sum-

mary of the depth of filter unit clements is shown in Table 3.1.

Underdrain: Underdrain system consisting of open joint standard bricks were

washed and laid in a grid with 1 cm openings between adjacent blocks.

Gravel: The supporting gravel was washed out and placed in four layers. The
depth and size distribution of each layer is given in Table 3.2.a (when sand
with ES = 0.31 mm) was used and Table 3.2.b (when sand with ES = 0.56

mm) was used.
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Table 3.1 : DEPTH OF FILTER UNIT ELEMENTS (23,46,54)

38

ELEMENT SELECTED,cm RECOMMENDED,cm
Freeboard 20 20
Superntant Water 115 100-150
Sand (Initial ) 135 * 38-183
Supporting Gravel 40 10-50
Underdrains 30 20-30
Total 340 | eeeeee-

Remark:

* jnitial depth of sand when routine runs started
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Table 3.2.a: Depth and Size of Gravel Layers With the Fine Sand

Layer Depth (cm) Size (mm)
Top 5 0.425-2.0
Second 5 2.0-4.0
Third 10 5.0-12.5
Bottom 20 12.5-25.0

Table 3.2 b: Depth and Size of Gravel Layers With the Coarse Sand

Layer Depth (cm) Size (mm)
Top 5 0.85-2.0
Second 5 2.0-4.0
Third 10 5.0-12.5
Bottom 20 12.5-25.0

Sand: Sand which serves as filter material was properly washed and cleancd
beforc it was put in the filter. The sand used was obtained locally and it was

sieved to obtain a media with sand sizc as follows:

Sand Effective Uniformity
Size (mm) Coefficient
| 0.31 2.00
2 0.56 1.64

ogcl
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The gradation curve for the sand used is given in Figure 3.2.a (for sand
ES = O.~31 mm) and Figure 3.2.b (for sand ES = 0.56 mm). The filter unit
was operated at three different depths of sand bed listed as 135, 105, and 55

CIm.

To study the effect of sand size, it is preferable to have two filters work-
ing at the same time to be able to control all other parameters (i.e. tempera-
ture, hydraulic loading, sand depth, etc.). However, one filter was available
for this study . When effect of sand size was studied , the other parameters (i.e.
hydraulic loading, sand depth, water above sand bed, etc.) were kept the same
and the size of sand was changed. It may be realized that the temperature was
not necessarily the same but the comparison between the two cases should be

made when the temperature nearly the same.
3.2 Experimental Procedure
3.2.1 Characterization of Secondary Effluent

The secondary effluent of North Aramco Wastewater Treatment Plant
(NAWTP) can be characterized as an excellent effluent of municipal sewage
introduced by extended aeration processes. A summary of the basic parame-
ters of the effluent before and after chlorination are given in Table 3.3.(1) .
Clearly, the effluent satisfies the secondary effluent standards stated in litera-
ture. However, for reuse of this effluent, tertiary treatment is still more pro-

nounced from bacteriological point of view.
3.2.2 Initial Commissioning of the Filter

First, with all outlet valves closed, the filter was chargeci with clean
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Table 3.3 : CHARACTERISTICS OF THE NAWTP EFFLUENT (1)

NUMBER
PARAMETER OF UNCHLORINATED, CHLORINATED

SAMPLES

pH 0 8.2 8.0

BOD ,mg/l 10 < 5.0 < 5.0

SS ,mg/l 10 5.0-16.0 (12.0)* 6.0-14.0 (11.5)*

Residual

chlorine mg/l 5 - 0.3-0.8 (0.6)*

Total Coliform

Bacteria, MPN/100ml 10 35x10? -160x10? < 2-240

Remarks:

* Indicates average value
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water, introduced from the bottom to a level of about 60 cm above the sand
bed. This was done to drive out air bubbles from the filter bed; then the
inflow pump was started . After that , the outlet valve was opened slowly at
first but at an increasing rate . The filter was run continuously and without
interruption. The rate of flow was gradually increased during this period until

it reached the desired filtration rate.
3.2.3 Filter Ripening - Preliminary Runs

The filter was operated for the whole study at a flow rate of 2 L/min
corresponding to a hydraulic loading (Q/A) of 0.16 m/hr. The depth of sand (
sand with ES = 0.31 mm) at starting of the filtration was 145 cm followed by
Run No. 2 with a sand depth of 142 cm followed by Run No. 3 with a sand
depth of 139 cm. On the other hand, one run was conducted for the sand
(sand with ES = 0.56 mm); the depth of sand at starting of the filtration was
140 cm. These runs, which will be referred to as Preliminary runs from her-
eon, were conducted mainly for ripening of the sand filter (i.e. maturation of
the sand bed). As reported in the literature (12,13.20,24,50), a stable filtrate
quality can be achicved only after the filter bed has biologically matured.
Through the preliminary runs, samples were taken from the inlet, outlet and
sometimes from the sampling ports and tested for selected parameters. In

addition, the clean bed head loss and head loss build-up were recorded .

3.2.4 Routine Runs

Following all last preparatory steps, experiments were started in order
to evaluate the system performance. The filter was operated continuously with
constant-rate, constant-head mode for thc whole study at Q/A = 0.16 m/hr.

Samples were collected daily from the inlet, and outlet . In addition

k4
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manometer readings were recorded to observe the head loss build-up. All pro-
cedures, sample preparation and analysis were conducted in accordance with
stipulations in the 15th Edition of the Standard Methods for Examination of

Water and Wastewater (52).
3.2.5 Regulation of the Filtration Rate

The desired filtration rate was achieved initially by manual adjustment
of the effluent valve. As the operation progressed. the resistance to flow or
head loss was increasing due to clogging. Accordingly. the filtration rate was
decreased because the available head above the sand surface was fixed. At
this point, the effluent valve was open further until the desired flowrate was
reached. This operation was continued until the outlet valve was widely open.
In this case, the run was terminated by stopping the inflow and cleaning of the

filter bed was conducted.

Cleaning the Filter Bed: The filter was drained to a level. 10-20 cm, below the
sand bed so that the filter skin and the top layer became relatively dry and
easy to handle; then the upper 2 cm was removed. After that The filter was
refilled from the bottom valve with clean water to a level of about 60 cm above
the sand bed. This was donc to drive out air bubbles from the filter bed.
Then the inflow pump was resumed again. The desired filtration rate was

adjusted by the outlet valve and the filter was operated as before.

3.2.6 Changing the Depth of the Filter Bed

The filter was operated at 3 different sand depths as mentioned before.

The operation was started as follows :

Initially, (when system reached steady state), the depth of sand was at
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135 cm and when the depth of sand wanted to be decreased to (i.e. 105 cm),
the top 2 cm was scrapped and discarded, then another 30 cm was removed
and kept at one side in a container. After that the desired sand wanted to be
removed (until 30 cm below the required depth) was removed and discarded.
Then, the sand which was kept at one side added on the top to have the
desired 105 cm depth of sand. This method was expected to reduce the time of
schmutzdecke formation since it contained all the organisms needed for proper
biochemical functioning. At that stage, the filter was ready for the next opera-

tion.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Preliminary Runs for the Maturation of Filter

Since slow sand filter is a highly biologically active unit, it is not possi-
ble to consider operating a filter freshly filled with a clean sand with the expec-
tancy of achieving a highly purified filtrate immediately (13). The biological
conditions governing the effectiveness of the filter are (1) the degree of
schmutzdecke formation and (2) the microbiological maturity of the sand bed
(5). To some extent, the process of maturation will involve the development of
the correct balance of clectrostatic charges on the individual grains of sand

(13).

At the start of thc operation of the filter, the sand has a negative charge
and is, thercfore, only positive-charged particles are adsorbed, such as floc car-
bonates, iron and aluminium hydroxide and cations of iron and mangancse.
Particles such as bacteria, colloidal matter of organic origin, etc., have a necg-
ative charge and are conscquently repelled; this is one of the reasons why such
impuritics are not remeved when a filter with clean sand is taken into service.
However, during the initial ripening process positively charged particles may
accumulate on some of the filler grains to such an cxtent that over-saturation
occurs. The overall charge of the filter bed grain coatings then reverses and
becomes positive, after which regative-charged particles will be attracted and
retained. After the initial ripening period, the filter bed will exhibit a varied

and continuously varying scries of negative and positive charged grain coatings

ot



that are able to adsorb most impurities from the influent (24,50).

The biological maturity of the sand bed indicates the degree of microbi-
ological development throughout its depth. This condition is not measurable,
but is a function of the number of wecks of undisturbed filter operation (5).
The period of maturation may require a time of up to 40 days or even more.
Bellamy et al. (6) has reported that the column had operated for more than
100 days to mature the bed, and was operated for 40 more days to develop
and mature the schmutzdecke. The most pertinent conditions that affect the
length of time required to bring the bed to maturity are nutrient availability

and temperature (5).

In order to build up the biological content of the filter bed, i.e., a build-
up of a film on the grain of the filter until the purifying bacteria becomes well
cstablished and play an important part in the treatment process; three sets of
experiments have been conducted using a sand of ES = 0.31 mm, UC = 2.0,
and one experiment using sand of ES = 0.56 mm, UC = 1.64, to determine
the maturation of the slow sand filter. Several investigations have established
the necd for thc maturation of the filter prior to regular operation for any

given set of conditions (12, 13, 20, 24, 50).
Run No. 1

The sand depth in this run has been 145 cm and hydraulic loading (HL)
= 0.16 m/hr which corresponds to a flow rate of 2 I/min. The influent of this
run is taken from the feed reservoir, having a heavy algae growth. This heavy
algae growth is a result of impondent of secondary effluent even for 2 days in
summer. Clearly, the high temperature during this run (about 35°C) has been

the main reason for the high growth rate of algae. The length of operation of

48
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this run has lasted only 11 days when the valve gate is fully open , could not
give the required hydraulic loading of 0.16 m/hr. It should be pointed out that
during this run, several trials have been made to dilute the high concentration
of algae (i.e. flooding the feed reservoir). But those trails have been unsuccess-
ful. Therfore, it has been decided to empty the feed reservoir and fill it again
with fresh effluents. No water quality data have been collected in this run due
to preliminary nature of the work. The eleven days of operation was not suffi-
cient to mature the filter as recommended in the literature review; thercfore, it

was decided to conduct another run.
Run No. 2

Upon termination of Run No. 1, the feed reservoir has been emptied
and refilled with fresh cffluent from North Aramco Wastewater Treatment
Plant. It has been thought that this would contribute in solving the problem to
a certain extent, but unfortunatcly, a considerable algal growth has been
formed by the second day. Consequently, the filter has been cleaned and
flushed up for one day with clean water; this has been followed by initiating
Run No. 2. This run has been operated at hydraulic loading of 0.16 m/hr. and
the depth of sand has been 142 cm. The influent of this run has becn taken
again from the feed reservoir. Incidentally, the operational cycle has been ter-
minated after 11 days when the hydranlic loading dropped below 0.16 m/hr.
upon full opening of the outlet valve. In this run, samplcs have been collected
daily from the influent and the effluent for analysis of different parameters.

The results of this analvsis are summarized in Table 4.1.

Turbidity, one of the most important parameters to monitor the per-
formance of filter, has ranged from 3.7 to 7.1 NTU with an average of 5.1

NTU in the influent, whereas, the effluent-turbidity has ranged from 0.22 to

of
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Table 4.1 : FILTER PERFORMANCE (RUN # 2 , ES=0.31mm)

Date: 24.6.1989 to 4.7.1989

Number INFLUENT EFFLUENT
PARAMETER of
| |

Samples Range Mean Range Mean

Temperature, C 11 35.0-35.5 35 36.5-37.5 37
pH 11 8.3-9.2 - 7.8- 8.9 -
DO, mg/l 11 9.3-10.2 9.9 4.9-7.5 6.5
Turbidity, NTU 11 3.7- 1.1 5.1 0.22-0.7 0.37
Residual
chlorine, mg/l 11 0.15-0.30 0.21 0.1-0.2 0.16
Remarks:
Bed depth : 142 cm

Length of operation : 11 days

Influent from the reservoir.
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0.7 NTU with an average of 0.37 NTU. The daily variation of the influent,
the effluent, and percent removal arc illustrated in Figure 4.1. The percent
removal of turbidity is 92.7%. The turbidity has been removed sufficiently

even in the first stage of filtration (20).

The dissolved oxygen (DO) levels in the influent have ranged from 9.3
to 10.2 mg/l with an average of 9.9 mg/l, whercas, the dissolved oxygen levels
in the cffluent have ranged from 4.9 to 7.5 mg/l with an average of 6.5 mg/l.
The percent depletion of DO is 34.3% on the average. The depletion in DO
content in the filtrate is most probably due to biological decomposition of the
organic ‘mattcr as a result of acrobic biological activity occurring within the fil-

ter bed.

The value of pH in the influent have ranged from 8.3-9.2, whereas, the
effluent levels have ranged from 7.8 to 8.9. It is found that there is a small
decrease in the pH in the filtrate. This is probably duc to the dissolution of
carbon dioxide as a result of biological activity, in the top layer (Schmutz-

decke).

Samples analyzed for the total coliform bacteria have been collected
routinely from the influent and the cffluent of the filter. The influent total
coliform bacteria has ranged from 6 to 13 MPN/100 ml, whereas, the effluent
has ranged from 0 to 14 MPN/100 ml. One might observe that the total coli-
form bacteria in the effluent is higher than that in the influent in one observa-
tion. This might be a reason o particles, such as bacteria, growing within the
filter during normal operation, making it impossible to differcntiate between
those particles that have passed through the filter and those that are produced
and sloughed from the filter. The total coliform bacteria in the influent, the

effluent, and percent rcmoval are illustrated in Figure 4.2. The percent

oEZlL
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removal of total coliform bacteria is 40.74%. The bacteriological removal level

in this run have bcen not as expected.

One might be tempted to think that the filter is not performing well
since the usual removal efficiencies of bacteriological pollutants by slow sand
filters exceed 90%. This could be primarily due to immature nature of the fil-
ter because the maturity of a filter has been known to have a significant bear-

ing on the efficiency with which bactcria are removed.

Samples analyzed for standard plate counts have been collected rou-
tinely from the influent and the effluent of the filter. The standard plate
counts levels in the influent have ranged f‘rom. 145 x 10 to 105 x 102 colonies/
ml, whereas, the effluent levels have ranged from 70 x 10 1o 90 x 10? colonies/
ml. Standard plate counts influent, effluent and percent removal are illus-
trated in Figure 4.3. The percent removal of standard plate counts is 19.02%

only.

It is observed in the sccond run that the data about the turbidity
removal is excellent; however, the removal of total coliform and total bacterial
counts are highly erratic, indicating that the filter has not rcached the stcady
state condition. This has necessitated further preliminary operation of the fil-

ter.
Run No. 3

At the end of Run No. 2, the filter has been cleaned and opcrated at the
samc hydraulic loading (0.16 m/hr) and the sand depth of 139 cm. The infl-
uent in this run has been fed directly from the line, without passing through
the reservoir. It has been done to avoid the excessive algal growth problem in

reservoir due to summer conditions, which subsequently is reducing the
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effective run of the filter. The operational cycle in this run has continued for
26 days without any problem which is much longer than 11 days compared to
the influent from the reservoir in the past two runs. In this run, samples have
also been collected from the sampling ports for a period of 8 days prior to the
termination of the filter run to investigate the removal of pollution parameters

at different depths and to verify if the system has been matured.

The head loss build-up as recorded at the three manometers throughout
this run is illustrated in Figure 4.4. The available head in this run is 116 cm,
whereas the total head loss build-up is 115 cm. This agrees with the statement
of Monk (35) who has stated that the total head loss can not exceed the avail-
 able head. The initial clean bed head loss of 10.8 cm has been observed at the
outlet manometer which quite agrees with the value of 11.1 cm calculated by
Fair and Hatch equation (58) given in Scction 2.4.6 as follows:

36 Kv (I-n)* V 5 P

h/l = :
'/ gn® W? d?

36x5x0.729x10°%x(1-0.31)’x4.244x10°°
9.81x0.31°x0.75

h/139 = x4.964x10¢ = 11.1 cm

With K = 5.0, v = 0.729 x 10® m?/S (for water at 35°C)
V = 4244 x10°m/s,L = 1.39 m, g = 9.81 m/S2

In addition, the sphericity of grzins has becn assumed to be 0.75 and

the porosity has been determined as 0.31. The porosity has been determined

according to the procedure stated by C’Conner (37). Finally, the term X -P—;

og?7!l
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has been calculated as 4.964 x 10°® m? using Figure 3.2.a. As can be observed
from Figure 4.4, most of the head loss is due to the top layer (Schmutzdecke)
since the head loss between the top manometer and the outlet manometer is

almost small compared to the total head loss.

The results of this run are summarized in Table 4.2. Observations have
shown that samples from the outlet, i.e., bottom of the filter (sand depth of
139 cm) are slightly better in quality than that at the sand depths of 89 and 49

cm respectively from the surface of the sand.

During night times and on the week-ends, the influent has been fed
from the reservoir. This influent is containing high concentration of algal
blooms. Apparently, the algae have dcteriorated the quality of the influent
(i.c. turbidity of 12 NTU has bcen recorded).

Turbidity levels in the influent have ranged from 1.0 to 12.0 NTU with
an average of 2.6 NTU, whereas, the effluent turbidity values have ranged
from 0.08 to 0.70 NTU with an average of 0.19 NTU. The turbidity levels in
the top sampling port have ranged from 0.15 to 0.20 NTU with an average of
0.17 NTU, whereas, the turbidity levels in the middle sampling port have
ranged from 0.10 to 0.15 NTU with an average of 0.13 NTU. The average
value of the turbidity in the top and middle sampling ports arc 0.17 and 0.13
NTU, respectively. The average effluent turbidity over the entire operational
cycle (26 days) is 0.19 NTU, however, the valuc over the last 8 days ranges
from 0.08 to 0.12 NTU with an average of 0.10 NTU. The daily variation of
the influent, the effluent and the percent removal are illustrated in Figure 4.5.
It might be emphasized here that no breakthrough of turbidity has occurred

during the filter run although filter flow has been reduced significantly due to

oo
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Table 4.2 : FILTER PERFORMANCE (RUN # 3, ES=0.31mm)
Date: 5.7.1989 to 31.7.1989
Number INFLUENT EFFLUENT
PARAMETER of
T |
Samples Range Mean Range Mean
Temperature, C 27 34.0-39.0 35.7 34.5-40.0 37.8
pH 27 7.4-9.2 - 7.4- 7.8 -

DO, mg/l 26 7.4-13.3 10.1 38-79 5.3

3 4.1- 5.1 4.7*

8 39-4.6 4.4**
COD, mg/l 2 35-37 36 25.0-26 25.5
Turbidity, NTU 27 1.0-12.0 2.6 0.08-0.70 0.19

8 0.15-0.20 0.17*

8 0.10-0.15 0.13%*
Residual
chlorine, mg/I 25 0.05-0.30 0.13 0.04-0.2 0.08
Ammonia, mg/l l 0 0 0 0

Remarks:
Bed depth @ 139 cm

Length of operation : 26 days

Influent direct from the pipe.

* Effluent at the depth of 49 cm from surface

** Effluent at the depth of 89 cm from surface

o7t
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cxcessive drop in head loss. Furthermore, scraping the top layer (Schmutz-
decke) has not aﬁ'cctcd the cffluent turbidity. The percent removal of turbidity

is 92.7% on the average.

The dissolved oxygen levels in the influent have ranged from 7.4 to 13.3
mg/l with an average of 10.1 mg/l, whereas, the effluent levels have ranged
from 3.8 to 7.9 mg/l with an average of 5.3 mg/l. The dissolved oxygen levels
in the top sampling port (49 cm below surfacc of the sand) have ranged from
4.1 to 5.1 mg/l with an average of 4.7 mg/l, whereas the dissolved oxygen levels
in the middle sampling port (89 cm below surface of the sand) have ranged
from 3.9 to 4.6 mg/l with an average of 4.4 mg/l. The average values of DO in
the top and middle sampling ports are 4.7 and 4.4 mg/l respectively. These arc
the average valuces during & days, whereas the value of 5.1 mg/l is the average

value for the cfflucnt during the whole operational cycle of this run (26 days).

It is worth noting that a good removal of turbidity has becn achicved at
the top sampling port. This obscrvation is in confirmation with the widely
quoted statement in the litcraturc the “purification is occurring at the top layer
of the sand bed (i.c., Schmutzdecke)” (24). Also, most of the dissolved oxygen

depletion has been occurring at the top layer.

The organisms attached to the media at the top layer grow rapidly,
feeding on the abundant food supply. As the wastewater penctrate through
the media, the organic content decreases to the point where the microorganisms
at the bottom of thc media arc in state of starvation. This is why most of the

pollutants arc rcmoved at the top layer.

The analysis for COD has becn conducted twice during this run. COD

levels in the influent have ranged from 35 to 37 mg/l with an average of 36
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mg/l, whereas, the efflucnt COD levels have ranged from 25 to 26 mg/l with an
average of 25.5 mg/l. The percent removal of COD in this run is 29.2%.

Samples aﬁalyzed for total coliform bacteria have been collected rou-
tinely from the influent and the effluent of the filtex:. The influent total coli-
form bacteria levels have ranged from 5 to 240 MPN/100 ml, whereas, the
total coliform bacteria leveis in the effluent have ranged from 2 to 49

MPN/100 ml.

Total coliform bacteria in the influent, the effluent and the percent
removal are illustrated in Figure 4.6. The average removal of total coliform
bacteria obtained in this run is 82.04%. This agrees with what has been
reported by Bellamy et al. (5). He has reported that a new sand bed removed

85% of the coliform bacteria.

Samples analyzed for standard plate counts have been collected rou-
tinely from the influent and the effluent of the filter. The standard plate
counts levels in the influent have ranged from 40 x 102 to 270 x 102 colonies/
ml, whereas, the standard plate counts levels in the effluent have ranged from
30 x 10 to 130 x 102 colonies/ml. Stahdard plate counts influent, effluent and
percent removal are illustrated in Figure 4.7. The average percent removal of

standard plate counts obtained in this run is 69.66%.

During this run, the total coliform bacteria and standard plate counts
are much higher than the previous run (Run No. 2). This has given a better
picture of slow sand filtration capabilities with respect to bacteriological
removal. In this run, the average bacteriological removal is better than the
previous run. This has assured the progress in the maturity of the filter bed.

By the last days of this run, the results have been almost stable.
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Coupling the stability of the results with the fact that the system has
been opcrated for about 7 weeks in such high ambicnt temperaturc (about
38°C) has definitcly contributed in accelerating the ripening process. There-

fore, it is assumed that the filter has reached steady state.

Upon maturation of the filter, the routine experiments were conducted
for the sand size (ES = 0.31 mm) at sand depths of 135, 105 and 55 cm. The
results of these cxperiments are given under next section of Routine Runs.
_After completing these experiments, the sand was replaced by new sand of ES
= 0.56 mm and the filler was operated again for several days in preliminary
mode to reach the maturation stage. The resulls of these experiments are dis-

cussed under Run No. 4.
Run No. 4

Upon terminating the last routine run (sand depth of 53 ¢cm) of the finc
sand, the whole sand in the filter has been removed. In addition, the top 5 cm
layer of the gravel (0.425 - 2.0 mm) has been removed and replaced by a new 5
cm layer (0.85 - 2.0 mm). The inside walls of the filter have been well
swabbed down. A new sand width (ES = 0.56 mm, UC = 1.64) has been
washed and put in the filter. The filter has been operated as normal. The fil-
ter at first has been operated for 56 days to enable the sand bed to mature.
After the filter has matured (judged by the improvement in both physical and

bacteriological quality of the filtrate), the routine runs have been started.

The sand depth in this run has been 140 cm and hydraulic loading of
0.16 m/hr. The influent of this run has bcen taken direct from the operational
line. This run has been operated for 56 days (until the sand bed is assumed

recaching completc maturation), then the run has been terminated.
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The head loss. build up recorded at the three manomctcfs throughout
this run has been insignificant as illustrated in Figurc 4.8. The available head
in this run has been 115 cm, whereas the total head loss build-up has been
around 10.5 cm. The clean bed head loss of 1.9 cm is obscrved at the outlet

manometer which quite agrees with the value of 2.0 cm calculated by Fair and

Hatch equation (58) given in Section 2.4.6, with :
K = 5.0, v = 0.8558 x 10® m?/s (for water at 27°C) _

V =4.244x10°m/s,L = 1.40 m, g = 9.81 m/S2.

In addition, the sphericity of grains was assumed to be 0.75 and the
porosity was determined as 0.38. The porosity is determined according to the

procedure stated by O'Conner (37). Finally, the term

Y = 1; is calculated as 1.75 x 10°* m? using Figure 3.2.b.

Table 4.3 summarizes the filter influent and cffluent characteristics dur-
ing this run. Turbidity levels in the influent have ranged from 0.90 to 3.3
NTU with an average of 1.24 NTU,whereas, the effluent lurbidity levels have
ranged from 0.14 NTU to (.37 NTU with an average of 0.18 NTU. The vari-
ation of the influent, cfflucnt, and pereent removed are illustrated in Figure
4.9. The average percent turbidity removal is 85.5%. The dissolved oxygen
levels in the influent have ranged from 7.3 to 14.8 mg/l with an average of 8.6
mg/l, whercas the cfflucnt Iévels have ranged from 5.1 to 8.5 mg/l with an

average of 6.5 mg/l. The percent depletion of dissolved oxygen is 24.4% on the

average.
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Table 4.3 : FILTER PERFORMANCE (RUN # 4 , ES =0.56mm)

Date: 30.10.1989 to 25.12.1989

Number INFLUENT EFFLUENT
PARAMETER of
1 1
Samples Range Mean Range Mean
Temperature, C 57 15.0-30.5 24.7 16.5-30.5 254
pH 32 7.1- 8.6 - 7.1-8.4 -
BOD,mg/I 13 0.2-3.25 0.90 0.1-0.40 0.20
DO,mg/l 33 7.3-14.8 8.6 5.1- 8.5 6.5
Turbidity, NTU 32 0.9-3.30 1.24 0.14-0.37 0.18
Residual
chlorine,mg/I 20 0.05-0.15 0.07 0.03-0.10 0.05
Sulfate, mg/l 3 707-773 741 749-827 783
Nitrite +
Nitrate , mg/l 18 4.52-12.88 6.67 2.81-9.36 4.69
Ammonia, mg/l 7 0 0 0 0
TOC, mg/l 3 3.0-4.0 3.67 1.0-2.5 1.83
COD, mg/l 11 20.0-44.0 30.55 16.0-29.0 21.46
Remarks:

Bed depth @ 140 cm

The filter was terminated after 56 days of operation ( the system reached
stcady state )

Influent direct from the pipe.
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Samples of the filter influent and cffluent have been monitored routincly
for biological oxygen demand (BOD). The BOD levels in the influent have
ranged from 0.2 fo 3.25 mgjl with an average of 0.90 mg/l, whereas, the effl-
uent levels have ranged from 0.10 to 0.40 mg/l with an average of 0.20 mg/l.
The variation of the influent, cffluent, and percent removal are illustrated in
Figure 4.10. The average percent removal is 77.8%. The low percent removal
at the first weeks of the start up of the filter operation for this sand is due to
the fact that the filter has not reached steady state condition. The filter was

successfully able to give consistent and high percent removal by the end of this

run.

COD influent levels ranped from 20.0 to 44.0 mg/l with an average of
30.55 mg/l, whereas, the cffluent levcls ranged from 16.0 to 29.0 mg/l with an
average of 21.46 mg/l. Variation of the influent, cffluent, and percent removal
arc illustrated in Figure 4.11. The average percent removal is 29.8%. This
value is rclatively low compared with the value reported in the literature,
mainly because the filter performance with new sand. as expected, is very poor.
But it has given better results at the end of this run showing the progress in

maturity of the sand bed.

Samples analyzed for total coliform bacteria have been collected rou-
tincly from the influent and efiluent of the filter. The influent levels of total
coliform bacteria have ranged from 34 to 220 MPN/100 ml, whereas, the cffl-
ucnt levels have ranged from 2 to 49 MPN/100 ml. The variation of the infl-
uent, cffluent and percent. removal are illustrated in Figure 4.12. The average
percent removal is 80.25%. This agrees with what has been reported by Bel-
lamy et al. (5). They have reported that a new sand bed has removed 85% of

the total coliform bacteria. The slightly less value of percent removal of this
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run is mainly a rcason of the low concentration of coliform bacteria compared
to 1 x 10° coliform/100 ml rcported in Bellamy et al. (5) study. The perform-

ance of the filter in removing total coliform bacteria at the last days of the run

has been much better regarding the cfficiency and the consistency.

Samples analyzed for standard plate counts have *been collected rou-
tinely from both the influent and effluent of the filter. The influent levels of
standard platc counts have ranged from 35x102 to 225x10? colonics/mi,

whereas, the cffluent levels have ranged from 60x102 to 65x102 colonics/ml.

The variation in the influent, effluent and percent removal are illus-
trated in Figurc 4.13. The average percent removal is 78.92%. This value is
low due to the low percent removal obtained at the first weeks of the start up
of the filter operation for this new sand. The filter has successfully able to

obtain consistent and high percent removal by the last days of this run,

The analysis for total organic carbon (TOC) has bcgn conducted three
times throughout this run. TOC levels in the influent have ranged from 3.0 to
4.0 mg/l with an average of 3.67 mg/l, whereas, the cffluent levels have ranged
from 1.0 to 2.5 mg/l with an average of 1.83 mg/l. The average percent
removal is calculated as 50.1%. This valuc is remarkably superior to 15 and
19% reported by Fox et al. (19) using sand size with (ES = 0.29 and 0.17 mm

respectively) in trcating surface water.

The analysis for ammonia has been conducted continuously for seven
days starting from the 7th day from start up of the filter operation. No
ammonia has been detected either in the influent or in the effluent. This disa-
grees with the findings of Ellis (13) when he states that absence of ammonia in

the filter effluent would indicatc a mature filter. The analysis for
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NO; + NOj; has been conducted routinely throughout this run. The influent

levels have ranged from 4.52 to 12.88 mg/l with an average of 6.67 mg/l,
whercas the effluent levels have ranged from 2.81 to 9.36 mg/l with an average
of 4.69 mg/l. It is obvious that there is decrease of NO; + NO; in the effl-
uent. This effect must be indicative of the intensity of biological activity on
and within the sand (12). The decrease of nitrat;: in the effluent agrees with
the findings of Ellis (12). This observation could not be verified as denitrifica-
tion because it is based only on decrease in NO; + NO; concentration, the
) possibility of nitrification taking place should not be eliminated. The average
percent reduction in NO; + NOj concentration during this run is 29.7%. In

summary,the preliminary runs are found to be very useful as they have led to :

- the confirmation of high performance of slow sand filters in
removing contaminants, especially bacteriological removals are

exceptional;

- an cstimate for the expected duration of a filtration run whether
using the influent from the feed reservoir or direct from the linc;

and
. the observation and solution of opcrational problems.
4.2 Routine Runs

Upon concluding that the filter has reached stcady state following the
preliminary runs for the same sizes of 0.31 mm and 0.56 mm, the proceeding
runs have been conducted for cvaluating the system performance. Six runs
have been conducted covering different sand depths and sizes and operated at

the same hydraulic loading of 0.16 m/hr. First, the filter has been operated at
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sand depth of 135 cm and the influent is taken from the feed reservoir. After
that, the filter has been operated at sand depth of 105 cm and the influent is
taken directly from the line. Then, based on the results of these two runs, par-
ticularly the bacteriological removal efficiency, another run with sand depth of
55 cm has been sclected for evaluation. The influent of this run is also taken
dircctly from the line. This last run for the fine sand has been duplicated
using sand depth of 53 cm to verify the cfficicncy of slow sand filters and to
cstablish the adequacy of thc cxperimental data under repeated conditions.
The influent of this run is taken again directly from the line. Similarly, three
depths of sand have becn investigated listed as 135, 105 and S5 cm using sand
of cffective size of 0.56 mm. The influent of these three runs is taken from the

feed rescrvoir.

4.2.1 Head Loss

The influent throughout the study has been taken from two feeds, either
from the reservoir or dircctly from the operational line. Although the two
fecds have been taken from North Aramco Treatment Plant, the quality of
wastewater in the rescrvoir is deteriorated because of the presence of algae. To
avoid the cxcessive algal growth problem in the reservoir, the influent has been
taken directly from the opcrational linc. However, at night time when the line

has not been opcrational, the feed has been taken from the reservoir.

Two different sizes of local sand (ES = 0.31 mm and ES = 0.56 mm)
have been investigated. The system has been evaluated at three different
depths of sand bed as 135, 105 and 55 cm for each size of the sand. Moreover,
the hydraulic loading has been 0.16 m/hr (corresponding to a flow rate of 2
I/min). This hydraulic loading has been selected according to Al-Adham (n
study. He has suggested that (0.16 m/br) is a suitable hydraulic loading for
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the design of slow sand filtration in Saudi Arabia after investigating threc

hydraulic loadings, i.e., 0.08, 0.16 and 0.24 m/hr.

As the filter run has progressed, the head loss in the medium has
increased because of the build-up of suspended material in the pores of the
medium. Therefore, the outlet valve is open proportionally to compensate for
the head loss. This process is done until the valve is widely open. When the
full opening of the outlet valve could not give the required hydraulic loading,
the filter runs have been terminated, since the hydraulic loading has becn fixed
(0.16 mm/hr) throughout the study. The duration of the runs have been
dependent mainly upon the influent quality and the size of the sand.

~ The head loss build up as recorded at the three manometers for various
sand depths and sand sizes investigated throughout the study are illustrated in
Figures 4.14 to 4.20. The head loss is equal to the the vertical distance
between the surface of the water on the filter and the water level in the
manometer (35). Figures 4.16 , 4.17 and 4.20 show the hea'd‘loss build up at
the outlet and the middle manometer only. This is due to decx.'easing of the
sand depth to 55 cm at which level the top manometer port extrude from the
sand bed. The development of head loss has always followed an exponential
pattern. This agrees with what has been stated in the literature (Cleasby et al.
(8)) that the development of head loss in slow sand filters always followed an
exponential pattern. Also, most of the head loss has been due to the top layer
(Schmutzdecke). Since the head loss between the top manometer and the out-
let manometer is almost small compared to the total head loss. Moreover, it
has been observed that the total head loss never exceeded the available head.
This agrees with Monk (35). The available head is the vertical distance

between the top of the water level in the filter and the level of the surface of
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the sand. Table 4.4 illustrates the available head and the actual total head loss
as recorded at the manometers throughout the study. In this study, the avail-
able head has been increased as the depth of the sand bed decreased. When
the sand with (ES = 0.56 mm) has been used, the .head loss is found very
small (6.5 and 34.4 cm) compared to the available head of 120 to 150 cm (Fig-
ures 4.18 and 4.19).

The clean bed head loss recorded at the outlet manometer almost agrees
with the value calculated by Fair and Hatch equation (58) in all the runs. The
clean bed head loss has been experimentally determined as the difference
between the water level in the outlet manometer before the opening of the out-
let valve and immediately after its opening to the specific hydraulic loading of
0.16 mjhr. Tablc 4.5 shows the clean bed head loss as calculated by the equa-
tion and as experimentally determined at the outlet manometer throughout the

routine runs.

The shortest duration cycle obscrved throughout the study is 9 days
during summer. The influent turbidity in that run has varied from 1.7 to 6.0
NTU with an average of 3.0 NTU. Unexpectedly, the operational cycle for the
run with sand depth of 105 cm is longer than that at sand depth of 55 cm.
Although the influent turbidity in the first run is slightly higher than that in
the second run. Morcover, the available head in the first run is less than that
in the seccond run. lIt is known that more available head permits greater head
loss and a proportionately longer filter run. This is due to small pieces of
leaves and sticks coming with the influent. This has accelerated clogging of the

top layer of the filter.

The duration of operation is found almost three times when the influent

has been taken directly from the opcrational line as compared to the feed
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Table 4.4:TOTAL AVAILABLE HEAD AND ACTUAL HEAD LOSS AT THE TERMINATION
OF THE FILTER

Total Actual Head Loss (cm)
| T

Depth Total
of sand Available QOutlet Middle Top
(cm) Head (cm)
Sand Size
ES=0.31mm)
135 120 117.0 110.0 78.0
105 150 143.5 132.3 94.0
55 200 184.0 166.0 *
53 202 193.4 191.9 *
Sand Size

ES=0.56mm)

135 120 6.5 6.1 3.7

105 150 334 n.2 28.7
55 200 198.2 192.1 #
Remarks:

Middle and Top manometer ports arc 120 and 160 cm above the outlet respectively.

* This port becomes non-functional when sand depth reduces below 90 cm.



Table 4.5:CLEAN BED HEAD LOSS

Depth Clean bed head loss Clean bed hcad loss
of sand by Fair and Hatch as recorded in the
(cm) cquation (cm) outlet manometer (cm)
Sand Size
(ES=0.31mm)
135 10.7 10.5
105 8.4 8.0
55 4.4 4.9
53 4.5 3.5
Sand Size
(ES=0.56mm)
135 23 2.2
105 1.8 1.8
55 0.7 0.5
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reservoir (Figures 4.14 and 4.15). This has concluded that algal blooms are
critical ;;arameters which have affected the filter performance. Another obser-
vation that, when the sand with (ES = 0.56 mm) has been used as a filter
media, the operational cycle has continued for 84 days as illustrated in Figure
4.20 . This is much longer than the operational cycle resulted by using sand

size with (ES = 0.31 mm).

In general, the length of operations throughout the study are superior to
what has been reported by Ellis (12) i.e., 7 and 20 days for sccondary cffluent
using effective sand sizes of 0.30 and 0.60 mm, respectively, and with hydraulic
loading of 0.14 m/hr. However, the duration cycle is comparable with what
has been reported by Al-Adham (1) of 12 days, using sand size of ES = 0.23
mm and hydraulic loading of 0.16 m/hr. The influent turbidity in Al-Adham

(1) study has ranged from 1.2 to [.8 NTU with an average of 1.5 NTU.

Figures 4.21 and 4.22 illustrate the head loss build up as recorded at the
outlet manometers throughout the operztional runs at sand depths of 135, 105
and 55 cm, respectively for sands of ES = 0.31 and 0.56 mm , respectively. It
is clear from Figure 4.21 that thc head loss in the case of 55 cm sand depth is
lower than that of 105 ¢cm and 135 cm depths respectively as expected. How-
cver, head loss increases significantly in case of 55 cm depth of sand bed after -
15 days and the filter run has to be terminated after 21 days as compared to
25 days in the case of 105 cm sand depth. This excessive head loss has been
primarily due to the presence of small picces of sticks and the leaves in the infl-
uent to the fillter. Theoretically, the filter duration for 55 cm sand depth
should have been longer than 195 cm depth because of the availability of more

head, i.e., 200 cm as against 150 cm.

Figure 4.23 illusirates the head loss build up as recorded at the outlet
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manometers throughout the operational runs at sand depth of 135 cm for both
the finc and the coarse sands. Although the influent turbidity is almost similar
in both the runs, yet the total head loss developed with the fine sand is tremen-
dously greater than that of coarse sand. The run has to be terminated after 9
days of operation in the case of fine sand due to the development of excessive
head loss. On the other hand, the total head loss developed with the coarse
sand is very small even after 50 days. However, the filter run has been termi-
nated after 50 days of operation without any problem due to shortage of time
for the operation of the filter to reach the breakthrough. Similar results have
been found at the sand depth of 105 cm for two different sizes of sand as can
be seen from Figure 4.24. On the other hand , the head loss developed with the
coarse sand was tremendous after 84 days of filter operation as illustrated in

Figure 4.25 .
4.2.2 Turbidity

Turbidity is one of the most important parameters to monitor the per-
formance of the filter. It is believed that turbidity serves as a carrier for nut-
rients that can result in biological activity. The analysis for turbidity has been
conducted daily throughout the study. Turbidity levels in the influent
throughout the study have ranged from 0.9 to 12 NTU, whereas, the effluent
levels have ranged from 0.05 to 0.70 NTU. The wide range of turbidity values
has resulted from the influent feed, i.e., direct from the operational line or from
the reservoir. The range of the influent, and the cffluent are reported in Table
4.6. The average percent removals have ranged from 88.6 to 95% using differ-
ent sizes and depths of sand. This degree of clarity of the filtered secondary
effluent is superior to the quality required of drinking water, which is. 1.0

NTU. The low turbidity in the filtered effluent of this study is attributed in

ogT!
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Table 4.6:AVERAGE REMOVAL OF TURBIDITY UNDER VARIOUS EXPERIMENTAL

96

CONDTIONS
INFLUENT EFFLUENT
T T
Depth No. of Range Mean Range Mean Percent
of sand Samples Removal
(cm) Analyzed
Sand Size
(ES=0.31mm)
135 9 1.7-6.0 3.0 0.05-0.40 0.15 95.0
105 25 1.0-2.5 L.5 0.05-0.30 0.12 92.0
55 20 1.0-3.25 1.46 0.10-0.18 0.13 91.0
53 19 1.10-1.75 1.33 0.09-0.20 0.12 91.0
Sand Size
(ES=0.56mm)
135 43 1.0-3.0 1.71 0.10-0.26 0.14 91.8
105 53 1.2-3.7 1.94 0.13-0.40 0.21 89.1
55 39 1.2-3.7 2.09 0.13-0.43 0.24 88.6

n??l
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part to the high quality of the biologically treated wastewater from the North
Aramco Wastewater Treatment Plant. The variation of the influent, the effl-
uent and the percent removal at various depths and sizes of the sand are illus-
trated in Figures 4.26 to 4.32 . In spite of the variation in the influent quality
associated with changing the feed, ie., from the reservoir with huge algal
blooms, or direct from the operational line, the turbidity removal has been con-

sistently high.

The average percent removal at sand depth of 105 cm and ES = 0.31
mm (92%) is slightly superior to that reported by Al-Adham (1). He has
reported that the turbidity percent removal is 88%, using smaller size of sand
with (ES = 0.23 mm) and sand depth of 84 cm. The hydraulic loading has
bcen'0.16 m/hr. But this is slightly inferior to the value reported by Cleasby et
al. (8) of 97.8% or better, treating surface water having turbidity values rang-
ing from 0.35 to 18.1 NTU. The other filter parameters werc ES = 0.32 mm,

sand depth = 94 cm, and the hydraulic loading = 0.12 m/hr.

In general, the performance of slow sand filter is supcrior to the other
techniques reported in the litcrature treating low to moderate turbid water or
wastewater . Study has been conducted by Suhail (55) using conventional
treatment (coagulation, sedimentation, and rapid filtration), trcating secondary
effluent from North Aramco Wastewater Treatment Plant. He has reported
that the overall percentage turbidity removal for chlorinated secondary cffluent
has ranged from 77 to 92% after the filtration process at various chemical dos-
ages 5 to 20 mg/l of commercial grade alum (molecular weight = 600 g) with
0.10 to 0.30 mg/l of Magnafloc 155 anionic polymer (Allied colloids). Al-Sa-
waf (45) has conducted a study using direct filtration treating the same waste-

water . He has reported that the average turbidity removal ranged from 75 to

ot
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90% using the same chemicals and dosages as Suhail (55) . He also studied
the removal of turbidity without chemical addition. The effluent turbidity has

exceeded 1.0 NTU with percent removal averaging from 28 to 39%.

The percent removals of turbidity for the fine sand at sand depths of
135, 105 and 55 cm are ‘95, 92 and 91% respectively as shown in Figure 4.33
The trend for percent removal is upward with increasing depth of sand bed.
This indicates that the larger depth of sand bed is better for the removal of
turbidity for a given quality of the influent. On the other hand, the percent
removals of turbidity with the coarse sand at sand depths of 135, 105, and 55

cm are 91.8 , 89.1 and 88.6% , respectively as shown in Figure 4.34

Figures 4.35 , 4.36 and 4.37 illustrate the variation of the percent tur-
bidity removal through fine and coarse sand at bed depths of 135, 105 and 55
cm, respectively. It is found that as the sand sizc decreases, the percent
removal improves slightly. Figure 4.38 shows the averages of the percent
removal of turbidity for the three depths investigated for the fine and the
coarse sands. It is observed that the percent removal is decreasing by decreas-
ing the sand depth and/or by increasing the sand size. The effect of sand size
on percent removal is marginal. Therefore, it may be suggested to. use the sand
of larger size with deeper bed compared to finer sand of shallow bed to get the
desired efficiency .Although the coarse sand has resulted in almost similar per-
cent removal as the fine sand, yet the coarse sand has resulted in longer dura-

tion of the filter runs.
4.2.3 Total Coliform Bacteria

Samples analyzed for total coliform bacteria have been collected rou-

tinely from the influent and the effluent of the filter. The influent total coli-

ne
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form bacteria levels throughout the routine runs have ranged from 8 to 240
MPN/100 mi, whereas, the effluent levels have ranged from 0 to 12 MPN/100
ml. The range of total coliform bacteria in the influent and the effluent, and
the average percent removal are illustrated in Table 4.7. Moreover, the varia-
tion of the influent, the effluent, and the percent removal on daily basis during
the duration of filter cycle are illustrated in Figures 4.39 to 4.45 . Figure 4.39
shows that the removal efficiency is much higher i.e., over 90 percent as com-
pared to preliminary runs, where removal ranged from 40 to 82 percent. This

. means that the filter bed has been fully matured. This observation is a confir-
mation of the widecly quoted statement “biological activity within the sand bed
has the strongest influence on removal efficiency of total coliform bacterla by

slow sand filtration” (6).

The average percent removal at this run, at a sand depth of 135 cm
using sand size of ES = 0.31 mm is 99.76%. Figure 4.40 illustrates the varia-
tion variation of the total coliform bacteria percent removal at sand depth of
105 cm and sand size with ES = 0.31 mm. The average percent removal is
97.82%. This is slightly inferior to the value reported by Al-Adham (1). He
has reported that the average percent removal of total coliform bacteria is over
99%. This may have resulted from the smaller size (ES = 0.23 mm) which
has been used by Al-Adham (1). This is also slightly inferior to the findings of
Cleasby et al. (8). They have reported that the average percent removal is
over 99%, using sand size of ES = 0.32 mm, and sand depth of 94 cm. “This
is expected because the influent concentration of the total coliform bacteria in
Cleasby et al. (8) study is much higher. Bellamy et al. (5) have reported that
the percent removal increases as the influent concentration increases. On the
other hand, the results of the present study agree with the findihgs of Ellis

(12). He has reported that the aVerage percent removal of total coliform
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Table 4.7:AVERAGE REMOVAL OF TOTAL COLIFORM BACTERJA UNDER VARIOUS
EXPERIMENTAL CONDTIONS

Sand Depth No. of Influent range EfMuent range % Removal
(cm) Samples MPN/100 mi MPN/100 mi
Analyzed

Sand Sizc

(ES=0.31mm)
135 6 79-240 0-2 99.76
105 10 23-94 0.2 97.82
55 8 23-180 2-12 91.46
53 8 79-140 2-12 93.00

Sand Size

(ES=0.56mm)
135 23 8-110 0-2 99.39
105 29 8-130 0-4 97.26
55 20 22-94 29 93.03
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bacteria is 97%, using effluent from a percolating filter plant and sand size of
ES = 0.30 mm. This also agrees with the findings of Bellamy et al. (6). They
have reported that the average percent removal is 97% using sand size of ES
= (.29 mm and sand depth of 97 cm. Furthermore, the percent removal
(98%) in the present study is superior to the value of 90% reported by Al-Sa-

waf (45) using direct filtration.

The results of other sand depths and sizes with respect to the removal of
coliforms are given in Figures 4.41 to 4.45 . The maximum removal varies
from 93 to 98 to 99.8% at sand depths of 55, 105 and 135 cm, respectively for
sand effective size of 0.31 mm. Similarly, for the sand size of 0.56 mm, the
percent femoval varies from 93 to 97 to 99.4% at sand depths of 55, 105 and
135 cm respectively. The removal data at bed depth of 55 cm for fine sand is
similar to that of 48 cm as rcported by Bellamy et al. (6). They found 95%
removal with sand of ES = 0.29 mm. Similarly, the results of coarser sand
agree with the data reported by Ellis (12) i.e., percent removal of 97% for sand
of ES = 0.6 mm.

Figure 4.46 shows the avcrage percent removal of total coliform for the
fine sand at sand depths of 135, 105 and 55 cm. The average percent removal
has decreased from 99.76 to 97.82 to 93.46% by decreasing the sand bed from
135 to 105 to 55 cm, rcspectively. On the other hand, the average percent
removals of total coliform bacteria with the coarse sand at sand depths of 135,
105 and 55 cm are 99.39 , 97.26 and 93.03% , respectively as shown in Figure
4.47 . Figures 4.48 , 4.49 and 4.50 illustrate the variation of the percent total
coliform bacteria removal for different sizes of sand at sand depths of 135 ,
105 and 55 cm, respectlively. It is clear that both the sands result in similar

percent removal of coliform for a given quality of influent.
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Figure 4.51 illustrates the trends of the average percent total coliform
bacteria removal for the three depths investigated for the fine and the coarse
sands. It is found that the percent removal is decreasing by decreasing the
depths of the sand and/or by increasing the size of the sand. These results are
similar to that of the removal of turbidity. Furthermore, it appears that the
effect of the sand size on percent removal is very small for the sizes of the sand

investigated. -

In general, the percent removal of coliform bacteria has been excep-
tional to an extent that the effluent would easily qualify for unrestricted irriga-
tion according to the standards employed in the Kingdom (2.2 MPN/100 ml
and 23 MPN/100 ml).

4.2.4 Standard Plate Counts

Samples analyzed for the standard plate counts have been collected rou-
tinely from the influent and the effluent of the filter. The influent standard
plate counts levels throughout the routine runs have ranged from 30 x 102 to
295 x 102 colonies/ml, whereas, the effluent levels have ranged from 30 x 10 to
260 x 10 colonies/ml. The range of standard plate counts in the influent and
the effluent, and the average percent removal are illustrated in Table 4.8. Fur-
thermore, the variation of the influent, the effluent and the percent removal on
daily basis during the duration of filter cycle are illustrated in Figures 4.52 to
4.58 . In spite of the wide variation of standard plate counts in the influent,

the filter was successfully able to achieve consistent percent removal.

Figure 4.52 shows that the percent removal is much better, i.e., over
90% as compared to preliminary runs, where removal only varied from 19 to

70%. The average percent removal at this run, at a sand depth of 135 cm

LEard!
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Table 4.8:AVERAGE REMOVAL OF STANDARD

EXPERIMENTAL CONDTIONS

129

PLATE COUNTS UNDER VARIOUS

Sand Dcpth No. of Influent Range Effluent Range % Removal
(cm) Samples Colonics/ml Colonies/ml
Analyzed
Sand Size
(ES=0.31mm)
135 6 35x10%-295x10? 30x10-205x10 92.99
105 10 50x102-290x 102 45x10-260x10 90.94
55 8 45x10%-205x 102 55x10-230x10 88.07
53 8 90x10%-180x10? 115x10-230x10 87.50
Sand Size
(ES=0.56mm)
135 23 35x10%-225x 102 30x10-160x10 92.13
105 29 30x10%-240x 102 30x10-255x10 89.87
55 20 30x102- 95x102 40x10-120x10 87.46
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using sand size of ES = 0.31 mm is 92.99%. Figure 4.53 illustrates the per-
cent removal of standard plate couﬁts at depth of 105 cm. The average per-
cent removal is 90.94%. This agrees with the value reported by Bellamy et al.
(5), who used sand with ES = 0.28 mm and depth of 96 cm for treating pota-
ble water. They have reported that the removal of standard plate counts
ranged from 88 to 91%. On the other hand, it is slightly inferior compared to
what is reported by Bellamy et al. (6), in a follow up study, using similar sand

(ES = 0.28 mm). They reported the percent removal of 99.9%.

The results of other depths and sizes with respect to the removal of
standard plate counts are given in Figures 4.54 to 4.58 . The maximum
removal vary from 88 to 91 to 93 percent at sand depths of 55, 105 and 135
cm, respectively, for the sand effective size of 0.31 mm. Similarly. the percent
removal for the sand effective size of 0.56 mm vary from 87.5 to 89.9 to 92.1

percent at sand depths of 55 to 105 to 135 cm respectively.

Figure 4.59 illustrates the average percent removal of standard plate
counts for the fine sand at sand.depths of 135, 105 and 55 cm. The average
percent removal has decreased from 92.99 to 90.94, to 88.07% by decreasing

the sand bed from 135, 105 and 55 cm, respectively. On the other hand, the

average percent removals of standard plate counts with the coarse sand at-

sand depths of 135, 105 and 55 cm are 92.13 , 89.87 and 87.46%, respectively,

as illustrated in Figure 4.60 .

Figures 4.61 , 4.62 and 4.63 illustrate the variation of the percent stan-
dard plate counts removal for different sizes of sand at sand depths of 135 ,
105 cm and 55 cm , respectivelv. There appears to be no significant difference

in the removal of total counts for the two sizes of the sand studied.
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Figure 4.64 illustrates the trends of the average percent removal of stan-
dard plate counts for the three depths investigated for the fine and the coarse
sands. It is found that the percent removal is decreasing by decreasing the
depth of the sand and/or by increasing the size of the sand. However, there is
a small decrease in the removal of total counts for coarse sand as compared to

the fine sand for the respective depth of the filter beds.
4.2.5 Organic Matter
(a) BOD

The analysis for BOD has been conducted routinely throughout the rou-
tine runs when the coarse sand has been investigated. The data are not avail-
able for finer sand. The influent levels have ranged from 1.6 to 4.9 mg/l,
whereas the effluent levels have ranged from 0.2 to 0.9 mg/i. The variation of
the influent, the effluent and the percent removal are illustrated in Figures 4.65

, 4.66 and 4.67.

Figure 4.65 illustrates the percent removal at sand depth of 135 cm.
The removal efficiency in this run is much higher i.e., 88.8% as compared to
the preliminary run, where the removal was 77.8%. Figures 4.66 and 4.67
illustrate the percent removal at sand depth of 105 and 55 cm , respectively .
The average percent removal is 84.7 and 32.6% , respectively . Thesc values
are superior to that reported by Ellis (12) of 76% for sand size of ES = 0.60
mm and sand depth of 95 ¢cm. But it is almost comparable to the value of
86% reported by Al-Adham (1). Ellis (12) has discussed in his study that the
purification achieved has not been purely the result of a straining action at the
surface of the filter. The higher ratios of BOD removal to suspended solids

removal obtained in his study from the operations of a slow sand filter to those

oge



144

94
92 :::::/;0
>-d
0 /////l’/,//”/"///,////
5 ///
f H/// ~¢- coarse sand
Pk
i .// -8~ fine sond
86
f44— . ' . -

5 60 70 B0 80 100 110 120 130 140 150
Depth of Sond

Figure 4.64:Removal of Totol Counts ot Vorious Sand Depths and Sizes



BOD (mg/1)

145

‘I= X REMOVAL
o

=  INLET
= OUTLET

Ty

LI AL L D D At O UL AR At S S A BN B

7 10 13 18 18 22 25 28 31 34 37 40 43 48 40

DAYS

FIGURE 4.65:REMOVAL OF BOD THROUGH SAND BED OF 135CM
AND EFFECTIVE SIZE OF 0.56MM

- 100

75

wn
o

25

Removal

A



BOD (mg/1l)

146

* = X REMOVAL
I=  INLET
0=_OUTLET

- 100

Tr1r+rr~vrvvrvyvrrry vyt ety T T rrrrr vy vr v’

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 48 48 52 55 58 61

FIGURE 4.66:REMOVAL OF BOD THROUGH SAND BED OF 105CM
AND EFFECTIVE SIZE OF 0.56MM

DAYS

Removal

%



BOD (mg/1)

147

- 100

- 75

- 50

- 25

LB RLIS LD N AL B SELENE RELNN BALANE ML LA NELANE SN BNLANN NALAN SN HRLA RELAE BNLES B
1 5 8 13 17 21 25 29 33 37 41 45 49 53 57 81 65 B8 73 77 81

DAYS

FIGURE 4.B87:REMOVAL OF BOD THROUGH SAND BED OF 55CM
AND EFFECTIVE SIZE OF 0.58MM

% Removal



148

obtained from the operations of microstrainers must have been the result of

appreciable biological activity within the sand bed.

(b) COD

The analysis for COD has been conducted routinely throughout the
study for fine and coarse sands. COD levels in the influent throughout the
routine runs have ranged from 23 to 120 mg/l, whereas, the efflucnt levels have
ranged from 9 to 49.7 mg/l. The high concentration of COD in the influent,
i.c., 120 mg/l is primarily due to the prescnce of high concentration of algae.
The variation of the influent, the effluent, and percent removal are illustrated
in Figures 4.68 to 4.71. The average percent removal at sand size with ES =
0.31 mm and sand depth of 135 cm is 66.6%. Figure 4.68 illustrates the per-
cent removal at sand depth of 105 cm. The average percent removal is 57.7%.
This is comparable to thc value reported by Ellis (12) as 54%. But this is
superior to the range reported by Al-Adham (1) (35.4 to 37.8%). This value is
slightly inferior to the valuc reported by Paramasivam et al. (38), treating raw
water having COD ranged from 4.5 to 10.5 mg/l. They have reported that the
percent removal of COD uses 67.1% with sand size of ES = 0.2} mm and

hydraulic loading of 0.10 m/hr.

Figurc 4.69 illustrates the variation of the percent removal at sand
depth of 135 cm using sand size with ES = 0.56 mm. The average percent
removal is 48.2%. This value is much higher than that obtained in the prelim-
inary run (29.8%). Figure 4.70 illustrates the variation of the percent removal
at sand depth of 105 cm. The average percent removal is 43.9%. This is
slightly less than that reported by Ellis (12) as 50% using sand size of ES =

0.6 mm and sand depth of 95 cm. Figure 4.71 illustrates the variation of the
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percent removal at sand depth of 55 cm. The average percent removal is

38.6%.

Figure 4.72 illustrates the average percent removal trend for the fine
sand at sand depths of 135, 105 and 55 cm. The average percent removals are
66.6, 57.7 and 50% at sand depths of 135, 105 and 55 cm, respectively, indi-
cating increase in removal with increase in sand depth. Another reason of
higher removal at the sand depth of 135 cm could be the high concentration of
COD (120 mg/l) in the influent of that set of experiment. It is known that
higher removals will be achieved in the case of higher concentrations of organic
matter in the influent. On the other hand, the percent removals of COD with
the coarse sand at sand dcpths of 135, 105 and 55 cm arc 48.2 , 43.9 and

38.6% , respectively as shown in Figure 4.73.

Figure 4.74 illustrates the variation of the percent COD removal at sand
depth of 105 cm. The two variation trends represent the fine and the coarse
sands. It is found that as the sand size increases, the percent removal
decreases. Figurc 4.75 depicts the trends of the average percent COD removal
for the three depths investigated for the fine and the coarse sands. It is found
that the percent removal is decreasing by decreasing the sand depth and/or by
increasing the sand size. There is only a marginal difference in the removal

efficiency resulted with the coarse sand compared to the finc sand.

4.2.6 Nitrification and Denitrification

The analysis for NO, + NO; have been conducted routinely through-
out the routine runs. The influent levels have ranged from 4.0 to 6.3 mg/l,
whereas, the effluent levels have ranged from 3.1 to 6.6 mg/l. These values are

resulted from two tuns (sand depths of 55 and 53 cm, ES = 0.31 mm). The
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average dissolved oxygen in the effluent has been 4.7 mg/l at (depth of sand 55
mm) which is quite adequate for nitrification to take place. Viessman and
Hammer (58) have reported that the laboratory studies have shown that there
is no detectable inhibition of nitrification at DO levels exceeding 1.0 mg/l.
Metcalf and Eddy (33) have reported that the dissolved oxygen level has been

found to affect the maximum spccific growth rate of nitrifying organisms.

The influent temperature levels have been reported throughout this run
(i.e. sand depth 55 cm, ES = 0.31 mm) have ranged from 33 to 37'°C with an
average of 34.6°C. Even these high temperatures along with adequate DO Jev-
els have not shown any significant increase in the concentration of
NO; + NO; as can be seen in Tables 4.11 and 4.12. This indicates that no
nitrification is taking place in the filter bed. This is also confirmed due to the
absence of ammonia in the influent and the effluent. However, Viessman and
Hammer (58) have reported that increased temperatures have significant effect
in establishing and maintaining healthy nitrificr populations. Similarly, Met-
calf and Eddy (33) have reported that the temperature has a significant effect

on nitrification rate.

The influent pH levels have ranged from 7.3 to 7.8, whereas the effluent
levels have ranged from 7.3 to 7.6. It has been observed that the maximum
rate of nitrification occurs with pH ranging from 7.2 to 9.0 (33). Viessman
and Hammer (58) have reported that the optimum pH for nitrification is rang-

ing from 8.2 to 8.6, with 90% of the maximum occurring at pH 7.8 and 8.9.

The coarse sand (ES = 0.56 mm) also has been investigated for

NO; + NOj. The influent levels have ranged from 5.1 to 8.7 mg/l, whereas,

the effluent levels have ranged from 3.1 to 6.8 mg/l. These values are resulted

ofr
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from three runs (sand depths of 135, 105 and 55 cm., ES = 0.56 mm). It is
obvious that there is decrease of NO, + NOj in the effluent (Figures 4.76 to
4.78). The decrease of NO, + NO; in the effluent agrees with the findings of
Ellis (12). He has reported that this effect must be indicative of the intensity
of biological activity on and within the sand. This observation could not be

verified as denitrification because it is based only on decrease in NO, + NO,

concentration. The average percent reduction in NO; + NO; concentration is

about 30, 16.7 and 6.9% ,respectively.
4.2.7 Other Parameters

The analysis for DO, alkalinity, sulfate and phosphate have been con-
ducted routinely throughout the routine runs. The influent and the effluent

ranges and means arc summarized in Tables 4.9 to 4.15.

The influent DO levels have ranged from 5.8 to 16.7 mg/l whereas, the
effluent levels have ranged from 2.9 to 11.7 mg/l. DO has been monitored
daily to observe the progressive effects of biological activity in the filter. It is
found throughout the study that oxygen level is sufficient to support any aero-
bic biological activity within the bed. This is confirmed as the DO level
decreased from 7.1-14.6 mg/l to 3.9-10.4 mg/l in the effluent. Tt has been
observed that the depletion rate of DO is decreasing with decreasing sand
depth and/or increasing the sand size. Figure 4.79 illustrates the variation of
the influent, the effluent, and percent depletion of DO at sand depth of 135 cm

for the coarse sand. The average percenvt depletion is 49.6% .

The influent alkalinity levels have ranged from 94 to 148 mg/l, whereas,

the effluent levels have ranged from 91 to 143 mg/l. The variation of the infl-

o 71
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Table 4.9

Date: 1.8.1989 to 10.8.1989

163

: FILTER PERFORMANCE (SAND DEPTH =135cm , ES =0.31mm)

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range | Mean Range l Mean
Temperature, C 9 33-36.5 35 36-39.5 37
pH 9 7.9-9.3 - 7.5-8.3 -
DO,mg/l 9 9.6-15.1 11.3 4.0- 5.2 4.7
COD,mg/1 2 80-120 100 26.7-40.0 334
Turbidity, NTU 9 1.7- 6.0 3.0 0.05-0.40 0.15
Alkalinity, mg/l 1 147 147 135 135
Sulfate, mg/l 2 680-707 693.5 720-746 733
Residual
chlorine,mg/1 8 0.04-0.12 0.08 0.02-0.05 0.04
Conductivity,
micromhos/cm 2 5500-6800 6150 5500-6800 6150
TON, mg/! 2 2.24 2.24 0.84-1.12 0.98
Ammonia, mg/l I 0 0 0 0

Remarks:

Length of operation : 9 days

Influent from the reservoir.
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Table 4.10 : FILTER PERFORMANCE (SAND DEPTH =105cm , ES =0.31mm)

Date: 11.8.1989 to 5.9.1989

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range | Mean Range ' Mean
Temperature, C 25 31.0-36.0 34.5 35.5-38 36.7
pH 25 7.4- 8.1 - 7.2-7.6 -
DO,mg/1 25 6.1-10.3 1.7 29-5.0 3.9
COD,mg/! 10 23.0-60.0 39.5 9.0-26.0 16.7
Turbidity, NTU 25 1.0- 2.5 1.5 0.05-0.30 0.12
Alkalinity, mg/l 10 129-148 142 122-140 133
Sulfate, mg/l 7 680-760 722 693-800 748
Phosphate, mg/l 7 1.71-1.91 1.8 0.26-0.33 0.29
Residual
chlorine,mg/1 19 0.03-0.14 0.09 0.03-0.07 0.05
Conductivity, :
micromhos/cm 11 4500-6200 5360 4500-6200 5360
TON, mg/l 6 0.0-2.24 1.02 0.0-0.84 0.23
Ammonia, mg/l 3 0 0 0 0

Remarks:

Length of operation : 25 days

Influent direct from the pipe.
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Table 4.11 : FILTER PERFORMANCE (SAND DEPTH =55cm , ES =0.31mm)

Date: 6.9.1989 to 26.9.1989

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range ' Mean Range | Mean

Temperature, C . 21 30.0-35.5 328 33-37 34.6

pH 20 7.3-78 - 7.3-7.6 -
BOD,mg/l 3 0.3-0.70 0.50 0.1-0.20 0.13
DO,mg/l 20 6.0- 9.1 7.1 4.0-5.7 4.7
Alkalinity, mg/l 8 136-144 140 130-139 135
Turbidity, NTU 20 1.0-3.25 1.46 0.10-0.18 0.13
Residual
chlorine,mg/l 14 0.07-0.14 0.09 0.04-0.09 0.06
Sulfate, mg/l 6 707-733 720 733-760 749
Phosphate, mg/l 3 1.79-2.71 2.21 0.81-1.29 0.97
Nitrite +
Nitrate , mg/l 2 4.10-4.20 4.15 4.30-4.43 4.36
Ammonia, mg/! 1 0 0 0 0

TON, mg/l 2 0 0 0 0

COD, mg/! 3 60 60 30 30
Conductivity,
micromhos/cm 5 5200-5700 5340 5200-5700 5340

Remarks:

Length of operation : 21 days

Influent direct from the pipe.
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Table 4.12 : FILTER PERFORMANCE (SAND DEPTH =53cm , ES =0.31mm)

Date: 27.9.1989 to 16.10.1989

ngZ!

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range | Mean Range | Mean

Temperature, C 19 30.0-32.0 31.2 30-35 33

pH 19 7.1-7.6 - 7.1-7.4 -
DO,mg/l 19 58-9.2 7.3 4.0- 6.0 4.9
Alkalinity, mg/l 9 136-148 141 131-143 136
Turbidity, NTU 19 1.10-1.75 1.33 0.09-0.20 0.12
Residual
chlorine,mg/l 13 0.06-0.14 0.09 0.04-0.10 0.06
Sulfate, mg/l 7 620-760 723 629-787 737
Phosphate, mg/l 4 1.82-1.97 1.90 0.82-0.86 0.84
Nitrite +
Nitrate , mg/l 7 3.04-6.29 5.28 3.09-6.56 5.52
Ammonia, mg/l 3 0 0 0 0

TON, mg/l 2 0 0 0 0

COD, mg/! 2 40-39 64.5 30-36 33
Conductivity,
micromhos/cm 6 5200-6200 5650 5200-6200 5650

Remarks:

Length of operation : 19 days

Influent direct from the pipe.
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Table 4.13 : FILTER PERFORMANCE (SAND DEPTH =135cm , ES =0.56mm)

Date: 27.12.1989 to 15.2.1990

oEZI

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range 'I Mean Range r Mean
Temperature, C 45 13.0-23.0 18.2 13.0-23.0 18.4
pH 43 7.5-9.0 - 7.5-8.7 -
BOD,mg/l 22 1.6-4.90 2.78 0.2-0.50 0.31
DO,mg/! 43 7.6-16.6 12.1 3.8-8.7 6.1
Alkalinity, mg/l 16 94 - 112 102 91 - 108 98
Turbidity, NTU 43 1.0- 3.0 1.71 0.10-0.26 0.14
Sulfate, mg/I 17 680-813 726 720-840 762
Phosphate, mg/l 14 0.97-1.85 1.33 0.91-1.77 1.22
Nitrite +
Nitrate , mg/l 25 5.12-8.38 6.84 3.12-5.59 4.58
COD, mg/l 17 31.3-90.7 63.9 18.6-45.3 33.1
Conductivity,
micromhos/cm 10 4600-5200 4865 4600-5200 4865

Remarks:

The filter was terminated after 50 days of operation

Influent from the reservoir.
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Table 4.14 : FILTER PERFORMANCE (SAND DEPTH =105cm , ES = 0.56mm)

Date: 16. 2.1990 to 19.4.1990

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range | Mean Range | Mean
Temperature, C 56 16.5-31.5 23.5 17.5-32.0 24.0
pH 45 7.7-9.2 - 7.5-8.9 -
BOD,mg/l 26 2.2-4.40 3.71 0.3-0.80 0.57
DO,mg/1 53 6.3-16.7 11.6 3.8- 9.1 6.4
Alkalinity, mg/l 18 99 - 117 107 9 - 115 103
Turbidity, NTU 53 1.2- 3.7 1.94 0.13-0.40 0.21
Suifate, mg/l 10 645-887 720 650-892 730
Phosphate, mg/l 7 0.32-1.81 0.67 0.31-1.72 0.63
Nitrite +
Nitrate , mg/l 24 5.1 -8.7 7.02 4.6 -6.7 5.85
COD, mg/l 21 72.1-92.8 79.8 39.1-49.7 443
Conductivity,
micromhos/cm 5 5200-5900 5560 5200-5900 5560
Remarks:

The filter was terminated after 62 days of operation

Influent from the reservoir.
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Table 4.15 : FILTER PERFORMANCE (SAND DEPTH =55cm , ES =0.56mm)

Date: 20. 4.1990 to 13.7.1990

Number INFLUENT EFFLUENT
PARAMETER of
Samples Range | Mean Range | Mean
Temperature, C 75 28.0-38.0 33.8 28.5-39.0 34.4
pH 39 8.5-9.3 - 8.3-9.1 -
BOD,mg/l 18 3.7-4.90 4.27 0.6-0.90 0.74
DO,mg/l 39 11.5-15.9 14.6 8.1-11.7 10.4
Alkalinity, mg/l 17 101 - 127 11 98 - 124 108
Turbidity, NTU 39 1.2- 3.7 2.09 0.13-0.43 0.24
Sulfate, mg/l 12 623-765 677 639-785 695
Phosphate, mg/l 9 0.95-1.35 1.21 0.90-1.30 1.16
Nitrite +
Nitrate , mg/i 15 59-74 6.69 54 -6.8 6.23
COD, mg/! 13 56.4-73.3 67.9 34.1-46.7 41.7
Conductivity,
micromhos/cm 7 5300-5850 5550 5300-5850 5550

Remarks:

The filter was terminated after 84 days of operation

Influent from the reservoir.
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uent, the effluent, and percent removal are illustrated in Figurc 4.80 The aver-
age percent removal obtained is 3.5 to 8%. These values are slightly more

than the value reported by Al-Adham (1) of 1.9%.

The sulfate influent levels have ranged from 620 to 887 mg/l, whereas,
the effluent levels have ranged from 629 to 892 mg/l. The sulfate concentra-
tion has increased in the filtrate. This mecans biochemical oxidation of the
organic matter is probably taking place in the filter bed. This agrees with
what has been reported by Al-Adham (1). He has reported that the sulfate
concentration is more in the filtrate. The variation of the influent, the effluent,
and percent incrcase arc illustrated in Figure 4.81. The percent increase at

sand size of ES = 0.56 mm and sand depth of 135 cm is 5% on the average.

The phosphate influent levels have ranged from 0.32 to 2.71 mg/l,
whereas, the effluent levels have ranged from 0.26 to 1.77 mg/l. The phos-
phate concentration is found less in the filtrate. This is probably due to the
removal of surface active agents during filtration which is possible due to their
adsorption onto the media. The phosphate variation in the influent, the effl-
uent, and the percent removal are illustrated in Figure 4.82. The percent
removal of the phosphate is 83.9% during summer with average ambient tur-
bidity of 36.7°C. The average percent removal has dropped dramaticaily dur-
ing winter with average ambient temperature of 18°C to 8.3%. This value is
comparable to what has been reported by Al-Adham (1) of 7.5%. Eventually,
because of the lack of accuracy of these tests at the extremcly low values that

cxisted make it very difficull to make the reasonable judgement.

The analysis of heavy metals (Cd, Cr, Cu, Fe, Pb, Mn, and Zn) have
been conducted twice during the study. However, no metals were detected in

the influent and the effluent.
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4.2.8 Seasonal Variation of the Quality of Influent

In order to determine the effect of seasonal variation on the water qual-
ity, statistical correlations between various parameters have been determined.
The influent water quality data from the feed reservoir for both summer and
winter have been collected. Consequently, statistical evaluation for correlation
data have been made. Three categories of relationships have been selected as

follows:

0.50 - 0.70 Correlation
0.70 - 0.90 Strong correlation

0.90 - 1.00 Excellent correlation

Summer Season: Tt is found thet the temperature and turbidity have a positive
correlation (Table 4.16). Temperature also has a strong positive correlation
with DO. This can be explained as the tcmperature is increasing the rate
growth of algal blooms is increasing tremendously. This has resulted in high
turbidity and DO values. The value of pH also has a reasonable positive cor-
relation with temperature for the samec reason. Total coliform bacteria and
standard plate counts have a weak negative correlation with the temperature .

This means, as the ambient temperature is increasing, the bacteria are dying

off.

Winter Season: 1t is found that the temperature has a weak positive correla-
tion with turbidity (Table 4.17). The algac during this period are minimal
which have resulted in small increase in turbidity. Tempcrature has a weak
negative correlation with both pH and DO. Clearly, as the temperature goes

up, the solubility of dissolved oxygen is decreasing. Total coliform bacteria
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TABLE 4.16:CORRELATION AMONG VARIOUS CONVENTIONAL PARMETERS(1.8.1989 to 10.8.1989)

..........................................................................

PARAMETER TEMP PH Do TURB COLF TCount
Temp : 1.00000 0.42845 0.71626 0.68834 -0.22343 -0.39539 :
) - 0.0000 0.3967 0.1093 0.1306 0.6704 0.4378

pH : 0.42845 1.00000 O.34381 0.69884 0.43188 0.33587
0.3967 0.0000 0.5046 0.1224  0.3925 0.5151
DO : 0.71626 0.34381 1.00000 0.87373 0.09688 -0.13686
: 0.1093 0.50u46 0.0000 0.0229 0.8551 0.7960 :
Turb : 0.68834 0.69884 0.87373 1.00000 0.12368 -0.08832 :
0.1306 0.1224 0.0229 0.0000 0.8154 0.8679
Colf : -0.22343 0.43188 0.09688 0.12368 1.00000 0.97253
0.6704 0.3925 0.8551 0.8154  0.0000 0.0011

TCOUNT : -0.39539 0.33587 -0.13686 ~0.08832 0.9725 1.00000
0.4378 0.5151 0.7960 0.8679 0.0011 0.0000

..........................................................................

TABLE i.17:CORRELATION AMONG VARIOUS CONVENTIONAL PARAMETERS(27.12.1989 to 15.2.1990)

..........................................................................

PARAMETER : TEMP PH DO TURB COLF TCOUNT
Temp ¢ 1.00000 -0.10590 -0.09603 0.08487 0.71026 0.74h26

: 0.0000 0.6306 0.6629 . 0.7002 0.0001 0.0001

pH : -0.10590 1.00000 0.62813 0.39115 0.27086 0.29236

: 0.6306 0.0000 0.0014 0.0649 0.2113 0.1758

Do : -0.09603 0.62813 1.00000 0.47074 0.13909 0.20913
0.6629 0.001Y4 0.0000 0.0234 0.5268 0.3382
Turb : 0.08487 0.39115 0.47074 1.00000 0.03796 0.08762
0.7002 0.0649 0.c234 0.0000 0.8635 0.6910
: Colf : 0.#1026 0.27086 0.13909 0.03796 1.00000 - 0.96706
: : 0.0001 0.2113 0.5268 0.8635 0.0000 0.0001

: TCOUNT = : 0.74426 0.29236 0.20913 0.08762 .0.96706 1.00000
: 0.0001 0.1758 0.3382 0.6910 0.0001 0.0000

..........................................................................
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and standard plate counts have a strong positive correlation with temperature .
As the temperature is increasing, the bacteria are surviving to a limit, then
they started to die off at high ambient temperature , i.e., during summer.
Eventually, during the two scasons of study, i.e., summer and winter, it is
found that there is an excellent positive correlation between total coliform bac-

teria and standard plate counts.
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CHAPTER 5

CONCLUSIONS

This study is aimed to evaluate slow sand filtration as tertiary treatment
of secondary wastewater cffluents at pilot scale. The influcnt through the
study has been taken from feeds, either from the reservoir or directly from the
opcrational line from the treatment plant. In both the cases, the wastewater
have been taken from extended aeration Treatment Plant of North Aramco.
When the secondary effluent was stored in the reservoir, its quality deterio-
rated due to the excessive growth of algae particularly during summer. Two
different sizes of local sand with effective sizes of 0.31 mm and 0.56 mm have
been used. In both the cases, three different depths of sand bed, c.g., 135 cm,
105 cm and 55 cm were investigated. This investigation has becen carried out
over a period of about one year in order to include the variations in the waste-
water influent quality to the filter. The filter is operated continuously at con-
stant head, constant rate mode. The hydraulic loading throughout the study
has been maintained around 0.16 m/hr. This is achieved by manual adjust-
ment of the outlet valve. The overall operational schedule for the filter is sum-
marized in Table 5.1, and the specific conclusions drawn from the study are

given as follows:

1.  The operational cycle is found increase about three folds when the infl-
uent has been taken directly from the opcrational line (26 days) as com-
pared to the feed reservoir (9 days). This has shown that algal blooms as
a result of storage in the feed reservoir are critical for the performance of

the slow sand filter.
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Table 5.1 : Summary of Experimenta! Results of 398 Days Operation of the Slow Sand Filtration

Dates Experimental Remark
Description
11.6.1989 to ES = 0.31 mm Preliminary runs to mature the filter,

31.7.1989
(48 days)

Sand depth = 145 ¢cm
Influcnt: Reservoir
linc (last 26 days)

the filter matured after 48 days which
was determined by good removal of
turbidity and bacteria.

1.8.1989 to
10.8.1989

(9 days)

ES = 0.3l mm
Sand depth = 135 cm
Infiuent: Reservoir

Removals of turbidity, organic matter,
and bacteria have been excellent. The

filter was terminated duc to excessive

head loss

11.8.1989 to
5.9.1989

(25 days)

ES = 0.31 mm
Sand depth = 105 cm
Influent: Line

Removals of turbidity, organic matter,
and bacteria have becn cxcellent. The

filter was terminated duc to cxcessive

head loss.

(Ist run) (Ist run) The experiment was repeated twice to
6.9.1989 to ES = 0.31 mm establish the repeatability of the
26.9.1989 Sand depth = 55 cm data. Removal of turbidity, organic

(21 days) matter and bacteria have been excellent
(2nd run) (2nd run) in both runs. The filter was termi-
27.9.1989 Sand depth = 53 cm, nated duc to excessive head loss.
16.10.1989 Influent: Linc

(19 days) (both cascs)

30.10.89 to ES = 0.56 mm Prcliminary run to mature the filter,
25.12.1989 Sand depth = 140 cm the filter matured after 56 dayvs which

(56 days)

Influent: Line

was determined by good removal of
turbidity and bacteria. Filter never
recached the breakthrough.

27.12.89 to
15.2.1990

(50 days)

ES = 0.56 mm
Sand depth = 135 cm
Influent: Reservoir

Removal of turbidity, organic matter,
and bacteria have been excclient. The
filter was terminated after 50 dayvs
duc to lack of time. Filter never
reached the breakthrough.

16.3.1990 to
19.4.1990

(62 days)

ES = (0.56 mm
Sand depth = 105 cm
Influent: Rescrvoir

Removal of turbidity, organic matter,
and bacteria have been excellent. The
filter was terminated after 62 davs
duc to lack of time. Filter never
rcached the breakthrough.

20.4.1990 to -

13.7.1990
(84 days)

ES = 0.56 mm
Sand depth = 55 cm
Influent: Rescrvoir -

Removal of turbidity, organic mattcer,
and bacteria have been excellent. The
filter was terminated after 84 davs
duc to excessive head loss.
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The coarse sand of ES = 0.56 mm has resulted in long duration of filter

operation as compared to the fine sand, i. e., 84 days against 26 days.

The development of the head loss has followed an exponential pattern.
Also, most of the head loss has bcen due to the top layer (Schmutzdecke)
since the head loss between the top manometer and the outlet manometer
is small compared to the total head loss. Moreover, it has been observed

that the total head loss always remained within the available head.

The initial clean bed head loss recorded at the outlet manometer agrees

very closely with the value calculated by Fair and Hatch equation.

The turbidity of the filtrate throughout the study is found less than 1.0
NTU with influent turbidity in the range of 0.9 to 12 NTU. The turbid-
ity percent removal has ranged from 89 to 95% for all sand depths and
sizes investigated. Moreover, the schmutzdecke layer appears to have
essentially no influence on the removal of turbidity because filter scraping

has no deterioration effect on the effluent quality.

Most of the purification has been observed to occur in the top layers of
the sand bed, i.e., most of the dissolved oxygen reduction occurred at the
top layers which means most of the biological activity occurred at the top
layers. Howevér, the removal of biodegradable organic matcrial contin-
ued to be achicved to a substantial extent down the whole depth of the

filter.

It is found that the percent removal for all the parameters analyzed are
decrcasing by dccreasing the sand depth and/or by increasing the sand
size. The effect of the sand size on percent removal is marginal. There-

fore, it may be suggested to use the sand of coarser size with deeper bed
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compared to finer sand of shallow bed to get the desired efficiency.
Although the coarse sand has produced in similar results as the fine sand,

the coarse sand has resulted in longer duration of the filter runs.

Very good removal of coliform was found as the percent removal of coli-
form dropped from 99.76 to 97.82 to 93.46% as the filter bed decreased
from 135 to 105 to 55 cm, respectively, using the fine sand. On the other
hand, the percent removal dropped from 99.39 to 97.26 to 93.03% as the
filter bed decreased from 135 to 105 to 55 cm , respectively, using the

coarse sand.

Similarly, the good removal of total bacterial counts have been observed,
because the percent removal of standard plate counts dropped from 92.99
to 90.94 to 88.07% as the filter bed decreased from 135 to 105 to 55 cm,
respectively, using the fine sand. Whereas the percent removal dropped
from 92.13 to 89.87 to 87.46% as the filter bed decreased from 135 to 105

to 55 cm, respectively, using the coarse sand.

The percent removal of COD dropped from 66.6 to 57.7 to 50% as the
filter bed decreased from 135 to 105 to 55 cm respectively, using the fine
sand. On the other hand, the percent removal dropped from 48.2 to 43.9
to 38.6% as the filter bed deccreased from 135 to 105 to 55 cm. respec-

tively, using the coarse sand.

NO, + NO; concentration essentially remained the same or slightly
increased in the filtrate for the fine sand at sand bed of 55 cm. On the
other hand, NO, + NO; concentration has slightly decreased in the fil-

trate in case of the coarse sand. These results could not be verified as

nitrification or denitrification duc to lack of significant trends.
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12. Temperature has a positive correlation with turbidity, DO, and a weak
negative correlation with total coliform bacteria and standard plate
counts during summer which means as the temperature is increasing,
algal activity is increasing resulting in the increase of turbidity and DO
level. On the other hand, the growth of coliform and total counts is
decreasing with increasing temperature. However, during winter, the tur-
bidity increased slightly due to increase in temperature while the DO level
decreased. Whereas the total counts and coliform level increased with

increase in temperature during winter.

13. The slow sand filter can be operated up to a sand bed level of 55 cm
without any problem. The average percent removals of turbidity, BOD,
COD, standard plate counts and coliform at sand depth of 55 cm were

91, 83, 50, 88 and over 93% respectively.

In view of the above results, it can be concluded that efficiency of the
filter at all sand depths and sand sizes with respect to the percent removal of
bacterial contaminants were cxceptional to an extent that the effluent would
easily be qualificd for unrestricted irrigation. In spite of the wide variation of
standard plate counts in the influent, the filter successfully was able to achieve

consistent percent removal.
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CHAPTER 6

RECOMMENDATIONS

The following recommendations are addressed for future rescarch in this

field :

I. Study the nitrification-denitrification phenomenon by introducing suffi-

cient nitrate in the system to produce measurable values in the cffluent.

2.  Conduct seeding experiments by introducing sufficient pathogenic organ-
isms to produce measurable efflucnt organisms concentrations to deter-
mine the removal efficiency of bacterial contaminants at high concentra-

tions.

3. Study the removal of viruses through sand filter.
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CHAPTER 7

APPLICATIONS

Saudi Arabia is an arid country that lacks natural resources of water for
diffcrent purposes. Thus, the reuse of treated wastewater is worthwhile idea,
since the cost of other alternative sources are very expensive. The reuse of
wastewater has a valuable additional and economical sources of water for agri-
culture and livestock production as well as industrial use. The Kingdom is
currently planning to use all wastewater for reuse. According to the Third
Five Ycar Development Plan, the Kingdom will recycle 335 million cubic
meters per year of wastcwater by the year 1990, and this quantity will reach to

730 million cubic meters by the year 2000.

The major concern of wastewater reuse is related with health aspects.
Along these lines, the standards set for unrestricted irrigation according to the
Riyadh Region Water and Sewage Authority and Ministry of Agriculturc and

Water as follows :

BOD = 10 mg/l, TSS = 10 mg/l, NO, = 10 mg/l, and Fecal coliforms 7 day
average values of 2.2 MPN/100 ml, no value above 23 MPN/100 ml in 30 days
period. However, the criteria for recuse of wastewater for irrigation now under
discussion is likely to be much more stringent, and most of the existing treat-

ment plants in the Kingdom may not mecet the requirements without an

advanced tertiary treatment unit.

Slow sand filters can not only be the simplest and cheapest, but also be
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the most efficient process for the tertiary treatment. In addition to that, their
poor performance in temperate climate and their large land area requirements

are not a problem in the Kingdom.

Study has becn carried out to evaluate slow sand filtration at pilot-scale
as a means of tertiary treatment for sccondary wastewater effluents for reuse
purposes. The pilot-scale filter operated over a period of one year was success-
fully able to achieve consistent removal. The average percent removals
achieved of turbidity, BOD, COD, standard plate counts, and total coliform
bacteria were 95, 89, 67, 93 and over 99% respectively. In view of the results,
the effluent resulted by the pilot-scale filter would easily qualify for unres-

tricted irrigation according to the standards employed in the Kingdom.

As a result of that, the Kingdom should undertake pilot plant studies of
tertiary treatment by slow sand filtration at a larger scale. The recommended
procedure is to build a portable pilot plant of sufficient capacity to simulate
full scale condition. In addition to the nccessary facilitics to conduct routine
chemical and bacteriological analysis. The pilot plant and supporting labora-
tory can then be sct up in various wastewater treatment plants throughout the

Kingdom.

According to the findings, if the slow sand filter wiil be constructed to
treat similar secondary cfflucnt for reuse purposcs, the following design recom-
mendations can be incorporated to produce the most efficient slow sand filtra-

tion system :

Use local sand with effective size of 0.31 mm or 0.56 mm and uniform-
ity cocfficient of 2 or less. The expected operation periods of the filter

without cleaning would te 26 and 84 days, respectively.
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Operate the filter at hydraulic loading of 0.16 m/hr.

Start the filter at a sand depth of 135 cm, which can be terminated
when it reaches depth of 55 cm due to scrapping. At this time, new

sand can be added to raise its depth to 135 cm again.
Slow sand filtration should be applied after secondary treatment.

Control the excessive growth of algae in the influent for successful oper-
ation of the system such as prevention of exposure of the influent to

sunlight by covering the feed reservoir.

[ 3rd
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