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Abstract

The effect of the organic loading rates and the solids residence time (SRT) on the aerobic
treatment of phenol and o-cresol bearing wastewater by sequencing batch reactors (SBRs) was
investigated. SBRs were utilized to treat phenol and o-cresol, aerobically at a hydraulic retention time
(HRT) of one day and varying SRTs. The reactors achieved over 99.5% removal of phenol and o-crsol at
toxicant loading in the ranges of 100-800 kg phenol/m3-day at SRTs of 10 days and above with the
effluent BOD and TSS concentrations consistently about 5 and 12 mg/1, respectively. However, a rapid
breakthrough resulting in only 65% removal efficiency of phenolics at loads of 800 kg phenol/m3-day
occurred at 3 and 5-day for phenol, and o-cresol, respectively, simultaneously with a breakthrough of total
suspended solids (TSS). The rapid deterioration in effluent quality ensued toxicant loadings of 0.7 mg
phenol/mg MLVSS and 0.8 mg cresol/mg MLVSS. Better than 94% phenol removal efficiency was
achievable at the 5-day SRT biotreatment.
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ABSTRACT

Name: Ibrahim Muhammad Al-Harazin

Title: Biological Treatment of Hazardous Contaminants
in Sequencing Batch Reactor

Major: Civil Engineering
Date: January, 1992.

The effect of organic loading rates and the solids resi-
dence time (SRT) on the aerobic treatment of phenol and o-cresol
bearing wastewater by sequencing batch reactors (SBRs) was
investigated. SBRs were utilized to treat phenol and o-cresol,
aerobically at a hydraulic retention time (HRT) of one day and
varying SRTs. The reactors achieved over 99.5% removal of phe-
nol and o-cresol at toxicant loading in the ranges of 100-800 kg
phenol/m3-day and 100-600 kg cresol/m3-day at SRTs of 10 days
and above with the effluent BOD and TSS concentrations consis-
tently about 5 and 12 mg/l, respectively. However, a rapid
breakthrough resulting in only 65% removal efficiency of phenolics
at loads of 800 kg phenol/m3-day and 600 kg cresol/m3-day
occurred at 3 and 5-day for phenol, and o-cresol, respectively,
simultaneously with a breakthrough of total suspended solids
(TSS). The rapid deterioration in effluent qual'ity ensued toxicant
loadings of 0.7 mg phenol/mg MLVSS and 0.8 mg cresol/mg MLVSS.
Better than 94% phenol removal efficiency was achievable at the

5-day SRT biotreatment.
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Chapter 1.

INTRODUCTION

The generation of haiardous wastes is widespread in
today's world and Saudi Arabia is no exception. Oil refineries and
petrochemical industries which represent the backbone of the
Kingdom's flourishing economy, produce wastes that contain a wide
variety . of phenolic compounds that are extremely toxic and
potentially carcinogenic. The dependence of Saudi Arabja on non-
renewable water sources such as ground water aquifers, and the
growing industrialization particularly in the areas of petroleum
refining and petrochemicals processing mandates the - proper
treatment, handling and disposal of complex toxic wastes génerated

by such industries.

Traditionally toxic industrial wastes were nét treated but
simply stored in landfills or applied to soil. It is only recently
that the consequences of such unwise practices have become
tangible. The pollution of ground water bodies beneath or in the
neighborhood of the dumping sites is a critical problem of
disastrous dimensions in couniries with dwindling non-replenishable

water supplies.

Recently, in response to voiced public concern, the

removal of hazardous contaminants from wastewaters has been the



focus of numerous researches world wide. The treatment of toxic
compounds has been accomplished by physical/chemical processes,
such as ozonation, carbon adsorption, solvent extraction...etc. as
well as biological processes such as activated sludge systems,

aerated lagoons, and tricking filters.

Biological treatment of hazardous waste offers unique and
extremely diverse opportunities for the cleanup of contaminated
environments, because the results of treatment are usually .
innocuous materials such as biological cell mass and carbon dioxide,
thus eliminating potential latent liability of the treated waste |[1}].
The SBR is one of several innovative and alternative biological
waste treatment systems that have been evaluated by the U.S.
Environmental Protection Agency (U.S.EPA) [1]. The EPA
demonstration study showed that the SBR is an excellent
alternative for municipal wastewater treatment {2]. The SBR process
was selected for investigation as the method of biological treatment
because the process has been successfully applied st many
locations for hazardous waste treatment {3}, and the process in
many cases offers the advantages of better stability and greater
operational flexibility and control compared with continuous flow

process [4].

In the light of the aforementioned discussion, the main
objective of this research was to study the continuous degradation

of phenol and ortho-cresol bearing wastewater by aerobic organisms



in sequencing batch reactors. These compounds were selected
because they are priority pollutants commonly present in industrial
wastewaters generated by coal and petroleum distillation process
and petrochemical process. Consequently, they al;e excellent
representative of hazardous pollutants generated by the flourishing

petrochemical industries in the Kingdom.
The principal objectives of this study were:

1) to demonstrate that sequencing batch reactors could be
readily and rapidly started without seeding and to
determine the highest organic loading which can be

treated effectively without inhibition;

2) to assess the impact of organic loading rate on the
treatment efficiency under constant solids residence time

(SRT);

3) to determine the effect of biological solids residence time

on the removal efficiency.

This research was divided basically into two parts:
biotreatment of phenol bearing wastewater and biotreatment of
ortho-cresol bearing wastewater. Each part included three phases
namely; start-up of the system, an organic loading study, and a

biological solids residence time study.




Chapter 2

LITERATURE REVIEW

2.1 PHYSICO-CHEMICAL TREATMENT OF HAZARDOUS WASTE
- Coagulation and Flocculation

Ng et al. [5] evaluated cationic polymers, lime and alum
for destabilizing effluent suspensions from palm oil mills. Caﬁonic
polymers were judged to be the most effective based on cost, ease
of use and settleability. Bershad Koya et al. [6] achieved 99%
removal of oil from oil/wastewater emulsions by coagulation with
cationic surfactants such as quaternary ammonia salts. Removal of
toxic pollixtants from industrial laundry wastewater using high
dosages of inorganic coagulants was researched by Van Gils and

Pirbazari [7] and found to be effective.

VanSon [8] investigated the development and wuse of
synthetic organic flocculants as replacements for inorganic
flocculants such as alum in industrial wastewater treatment and

found to be very effective.

- Precipitation

The lime softening process {is widely employed for the



removal of hardness from water supplies and for treatment of
municipal and industrial discharges containing suspended solids,
metal ions, phosphate and other contaminants. Although this
process has been found to remove certain brganic contaminants,
the types of organic contaminants amenable to treatment and the
factors influencing their removal have not been clearly elucidated.
The removal of organic contaminants by lime softening and the
molecular characteristics influencing removal were experimentally
and theoretically examined by Liao and Randtke [9]. Polyvinyl
alcohol (PVA) was effectively removed from wastewaters using

precipitation with magnesium carbonate (MgZCO 3)» optimum removal
of PVA was obtained at a Mg,CO,: PVA ratio of 1:1 and at a

temperature of 0-5°C [10]. However, such treatment methods are

expensive and sometimes not effective.

- Oxidative Processes

Ozone has been proposed as an oxidizing agent for
phenols, cyanides and unsaturated organics [11-16]. Neigowski (11}
studied the oxidation of phenol with ozone and found that at a pH
of 12.0 the oxidation was virtually complete. This value is close to
the optimum value of 11.4 given by Anon [12|. Eisenhauer [13]
found that the pH of the wastewater decreased as the reaction

proceeded. He also concluded that the phenol removal was directly



proportional to the flow rate, the concentration of ozone, the
detention time and inversely proportional to the gas bubble size.
In another study by Eisenhauer [14] higher temperatures were
found to favor the oxidation of phenols. Thiocyanates and
cyanides were found to be effectively oxidized in the wastewater

containing phenols [15].

Kwie [16] evaluated ozone treatment of three water streams
from a synthetic polymer plant containing high concentrations of
unsaturated organics. As much as 90% COD removal was observed
in the case of a waste containing unsaturated hydrocarbons at an
optimal pH of 12.6 {17]. The oxidation of organic matter with ozone,
in terms of TOC reduction from a petroleum refinery wastewater
was studied- by Schwartz et al. [18]. They found a reduction of
5.5, 10.4 and 20.4 percent for ozone dosage of 26, 60, and 159
mg/1 respectively. The initial TOC in all cases were 81.5 mg/l.
Buys and Reynolds [19] studied oxidation of phenol-bearing

wastewaters using HZO2 produced by electro reduction of 02

dissolved in wastewater.

Gurol and Vatistas [20] compared oxidation of phenols by
ozone, ultraviolet radiation and ozone/UV combination and found

that the removal rate of phenol and TOC was highest for O 3/UV

and lowest for UV alone. Gamma radiation coupled with ozonation

performed better than chlorination followed by radiation in




degrading pollutants from dyeing and washing wastewaters [21].
Ozonation was favored over chlorination because chlorinated EPA
priority pollutant by-products were not formed {22]. Even though,
strong oxidizing agents such as ozone have been proven effective
in organic oxidation, oxidation process are energy intensive and

highly costly {23].

- Reverse Osmosis

The first practigal application of reverse osmosis membrane
technology was in the early i960's with the desalination of sea
water [24]. By 1983, commercial membranes had been developed for
separation of organics, including carboxylic acids, phenols, and
carbohydrates, ete. [25]. It was demonstrated that the
effectiveness of separation depended on a variety of factors, the
principal one being the molecular size of the rejected compounds.
The molecular weight cut-off point for membranes developed until

then was about 100-110.

Improvements in materials since 1983 have led to
membranes with enhanced ionic rejection properties. Acceptable
rejection of organic species with molecular weights of about 50 can

now be achieved successfully {24].

With the growing interest in the application of reverse

osmosis for industrial wastewater treatment and for water



reclamation and recycling, it Is important that data should be
available on the rejection of phenol by membranes and on factors
affecting rejection. Different studies have shown phenol to be so
poorly rejected by cellulose acetate membranes that in some cases it
even permeated membranes preferentially to water [26]. Matsuura
and Sourirajan [27] found rejections of +1% and -2% respectively for
two cellulose acetate membranes at 1700 KPa and 25°C. They also
studied the removal of a series of alcohols and concluded that
alcohols are separated betfer than phenol. Matsuura et al [28]
studied also the separation of phenols by aromatic polyamide
membranes and concluded that the positive separation of polyamide
membranes is due to the preferential sorption of solute at the
membrane-solution interface caused by both the non-polar character
of the membrane and the acidity of the solute. In a study on the
rejection of a group of low molecular mass organics by five
different membranes, Chian and Fang [29] found different patterns
of removal of organics by cellulose acetate and by polyamide
membranes. For the group of organics in general and phenol in
particular they found very good removal by the polyamide
membranes and relatively poor removal by the cellulose acetate
membranes. Johnson [30] used different membrane models to

determine the intrinsic membrane rejection factors Rmax for

different solutes. Nakagowa et al. [31] reported on the rejection

of organics by composite PEC 1000 membrane, in which the active



membrane layer is prepared from cross-linked polyether. This
membrane has excellent rejection properties with respect to
dissolved organics, e.g. rejection factor for ethanol, acetic acid
and phenol were 97%, 86% and 99%, respectively, at 5600 Kpa and
25°C. Schutte and Belfort [26] compared the phenol rejection of
two commercially available membranes. They found that phenol
were effectively rejected by the FT.30 membrane (>90%) while the
SEPA 99 cellulose acetate membrane has virtually achieved no

phenol rejection.

- Ion Exchange

Himmelstein et al. [32] proposed two methods for phenol
'treatment, that is, the reactive regeneratidn with sodium hydroxide
and the solvent regeneration. As the concentration of phenols
increased, solvent and reactive regeneration systems became more

economical than thermal regeneration.

Phenol is a weak acid and can be removed effectively from
aqueous solution by anion-exchange resins {33|. Although the
regeneration was complete for weak base anion-exchange resins
(the adsorption capacity of phenol was incomplete for strong ones
the capacity was high). Synthetic resins without ion-exchange

functional group such as Amberlite XAD resins [34] and the

vinylpyridine-divinylbenzen copolymer have also been used for the



removal of phenols. The regeneration was complete, but the
capacity was rather low. Goto et al. [35] compared the adsorption
equilibria of phenol on anion-exchange resin in the chloride form.
For strong base anion-exchange resins, there was a great
difference in the amount of phenol adsorbed between hydroxide and
chloride forms. Phenol adsorbed on resins in the hydroxide form
could be desorbed by using hydrochloric acid. Goto et al [36]
studied the extent of adsorption and desorption of phenolic
compounds on 'anion-exchange resins and activated carbon and
investigated two methods of regeneration of adsorbents. They
found that the regeneration by sodium hydroxide or hydrochloric
acid might be possible for anion-exchange resin. Both methods
were effectively performed. In case of activated carbon, the
regeneration by sodium hydroxide was possible. However, 'phenoi

adsorbed was not desorbed completely.

- Adsorption

The application of carbon adsorption in petrochemical
industry can be at two points in the process train. It can be
used as a tertiary treatment step to remove refractory compounds
before or after conventional biological systems. .Ford {37] evaluated
the applicability at both points. The results of the study were
based on the treatability studies conducted by the author at eight

refineries and petrochemical installations. The data tabulated from

10



the study indicated that the BOD for effluents of activated sludge
treatment, total carbon treatment, and combined activated
sludge/carbon treatment was found to be in the range of 20-50
mg/1, 40-100 mg/l and 5-30 mg/l, respectively. The influent BOD
ranged from 250 to 350 mg/l. These values show that the removal
efficiency of activated sludge treatment for biodegradable organics
(measured by the BOD test) is better than that of the carbon

treatment.

Ford and Buercklim {38} also discussed the applicability of
activated carbon at the two points. Based on the extensive
experimental work undertaken by them at a pilot-scale system for
the treatment of refinery and petrochemical wastewaters, they
suggested pilot scale studies for evaluating the application of

activated carbon for a particular application.

In order to establish the feasibility of using activated
carbon as an advanced treatment process for petrochemical
wastewaters, pilot scale experimental work using both Granular
Activated Carbon (GAC) and Powdered Activated Carbon (PAC)
was undertaken by Guarino et al. [39]. The results showed that
GAC system was far superior to the PAC system. The study also
found out a considerable reduction in the con;:entration of heavy

metals and priority pollutants was also realized.

Walter and Weber [40] reported that adsorption is neither

11



perfect technology nor an infallible process. There are mainly two
areas of challenge of the adsorption: (1) the adsorption behavior
of complex mixtures of organic compounds typically found in waters
and wastewaters, (2) the role of biological transformation in

adsorption systems.

Although some of the results of the fore-mentioned studies
indicated that significant reduction in phenol content is achievable
with physiochemical processes, the high cost associated with these
process renders them uneconomical for raw wastewater treatment

and more appropriate for effluent polishing.

Additionally, physical processes such as carbon adsorption
and solvent extraction do not destroy the hazardous pollutants,
but merely concentrate them in smaller volumes which in turn have
to be dealt with as hazardous matter. Fortunately, this
shortcoming is non-existent in biological processes as they destroy
the toxic pollutant. Consequently biological processes have
attracted a lot of interest as an salternative to physiochemical

processes in the field of hazardous waste treatment.

2.2 BIOLOGICAL TREATMENT OF HAZARDOUS-WASTE

The treatment of phenol-bearing wastewaters has been
accomplished traditionally by aerobic biological processes such as

the extended aeration activated sludge process and oxidation

12



lagoons. Coe [41] reported up to 90% BOD and phenol removal
during the treatment of a petrochemical wastewater. Huber [42]
achieved effluent phenol concentration as low as 0.1 mg/l for

acetylene and ethylene wastes.

Sack and Bokey [43} achieved over 90% removal of BOD in
two reactors treating a coal gasification wastewater at hydraulic
retention times of 4 and 6 days. Ganczarczyk and Elion [44] used
extended aeration in the treatment of a coke plant effluent at
detention times of 13.8 and 24 hours, and achieved over 99% phenol
removal. Luthy, et al [45] observed over 99% phenol removal
efficiencies during the treatment of 33% strength coal distillation
wastewater in four reactors operating at hydraulic retention times

of 9 to 18 hours.

Despite the excellent removal of phenolics, these processes
generally require long aeration times and are energy intensive.
Furthermore, some major pollutants have been reported to escape

treatment {43].

More recently, Healey and Young [46] demonstrated the
anaerobic degradation of phenol and catechol. Further work
elucidated the mechanisms and pathways -of the anaerobic
biodegradation of alkyl phenols [47] and chlorinated phenols [48].
The anaerobic degradation of phenolics to methane was confirmed in

continuous flow attached growth [49, 50, 51, 52| systems known as

13



angerobic reactors. The amc_anability of hazardous wastes generated
during coal and petroleum distillation to anaerobic treatment was
demonstrated by Suidan et al [53], Suidan and Nakhla [54] and
Nakhla et al [55]. The reactors used in the continuou;s processing
of such toxic wastes employed activated carbon as an attachment
media for bacteria films that degrade some of the constituents of
the waste and an adsorbent to control the toxicity of the remaining
constituents of the wastes. Partial replacement of the reactor

medium with virgin GAC on a regular basis was necessary for

continuous operation.

Evidently, the operational cost of such units is not
insignificant. Despite the several advantages offered by anaerobic
treatment over aercobic treatment such as low sludge production, no
oxygen requirements and production of methane, the sensitivity of
ansaerobic cultures to toxicants and the long adaptation time has
limited their applicability in the ama§ of toxic waste treatment and
hazardous waste sites remediation. More recent research has
focused on the adaptation and acclimatization of aerobic organisms
to degrade the toxic components of the waste that not only resist
biodegradation but also inhijbit the wutilization of readily
biodegradable waste constituents by unaeclimated microbial

populations.

Halogenated aromatic hydrocarbons [56], substituted

benzenes [57], halogenated aliphatic compounds [58], polychlorinated

14



biphenyls [54] have been shown to biodegrade aerobically.

These recent advances in microbiology have found
immediate applications in the clean-up of hazardous waste sites, a
problem which has challenged engineers and scientists for several
decades. Biological detoxification of hazardous wastes, despite
being in its infancy, has been established as an efficient, cost-
effective approach to resolving one of our most challenging ever-

increasing environmental problems.

2.3 SEQUENCING BATCH REACTOR

Biological wastewater treatment can be carried out in
continuous flow systems as well as batch semi-batch process.
Although, continuous flow systems such as activated sludge and
serated lagoons have dominated the field of wastewater treatment,
thése processes are prone to occasional upsets due to fluctuations
in waste strength and flow rates. In addition to having a kinetic
advantage over completely-mixed systems, batch processes never
operate under steady state conditions and are thereby more suited
to handle fluctuations than continuous systems. These dynamic
characteristics of batch process enhance their applicability to
industrial waste treatment where waste fluctuations are frequent.
Additionally, due to recent technological advances in process

control, batch processes can be readily automated resulting in

15



substantial savings in operating costs.

The sequencing batch reactor (SBR) is the most commonly
used batch system in wastewater treatment. The SBR process is a
batch biological process characterized by periodic filling and
decanting of reaction basin and separation of the biological solids
from the treated effluent in the same reaction basins rather than in
separate sedimentation basins. The advantage of the SBR process
lies in the ability to periodically change the environmental
conditions in the reaction basins in a very controlled manner and
thereby select and enrich a microbial population with desired

specific metabolic capacities and setting characteristics.

The SBR is one of: several innovative and alternative
biological waste treatment systems that have been evaluated by the
U.S. Environmental Protection Agency (EPA) [1]. The EPA
demonstration study showed that the SBR is an excellent
alternative for municipal wastewater treatment {2]. In addition,
results from bench-scale studies indicated that the SBR can
provide substantial savings in energy and costs by removing
organic compounds found in hazardous wastes biologically rather
than with activated carbon [59]. Irvine et al [2] concluded that the
SBR is a viable alternative to convention;al continuous flow
activated sludge treatment of domestic wastewaters for BOD and SS
removals, nitrification, denitrification and biological phosphorous

removal. Hsu [60] showed that the performance of SBR's during
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the treatment of a petrochemical waste is slightly superior to the
performance of the conventional activated sludge. In general, SBR
systems have been reported by Arora et al. [61] to possess
several advantages such as flow equalization, ideal settling, simple

operation compact layout, and costs savings, over conventional

activated sludge systems.

The ability of the SBR to effectively provide nitrification
{62, 63], denitrification [63, 64], and bioclogical phosphorous removal
[65, 66], is noteworthy. More recently, the SBR was demonstrated
to successfully treat municipal wastewaters, [67, 68], industrial
wastes [69]; hazardous wastes [70] and toxic landfill leachate [71].
Herzbrun et al. |[3] investigated the treatability phenolic waste
using SBR. They reported that TOC degradation ranged. from 55
to 81% and phenol degradation ranged from 96.8 to 99.2% during
retention times that varied from 10 days down to 1.25 days. Smith
and Wilder [4] studied the biodegradability of synthetic leachate in
a SBR and reported that over 90% reductions in COD, TOC and
TOX and complete nitrification were achievable with two-stage SBR.
Oleszkiewicz et al. |[72] treated wastewater in laboratory SBR
operated in different combination of streams of industrial wastes,
anaerobically pretreated wastes and raw sewage. They found that
all reactors yielded good BOD, COD removals and the
denitrificaiton was inversely proportional to the strength of the

influent. Misbahuddin [73] Investigated the treatment of

17



petrochemical wastewater from Jubail using SBR. The value of
effluent BOD was 5 mg/l as compared to the influent BOD of 69
mg/l. The wastewater was pretreated in flowmeter/clarifier using

lime ferric chloride and polyelectrolyte solutions.

The SBR systems which were used for different purposes
were traditionally seeded with activated sludge from other activated
sludge system. Hsu [60] seeded hisr SBR systems with biological
waste to study the treatment of petrochemical waste. Oleszkiowitz
et al. [72] used activated sludge as a seed for a SBR to study the
treatment of food industry wastewater. Abu Fayed et al. [74]
used activated sludge to study the denitrification in SBR and Jones
et al. [75] seeded his SBR systems for nitrogen removal.
However, in s_.ome areas such as unsewered remote villages, military
installations and isolated industries, activated sludge may not be
readily procurable. Additionally, seeding SBR's with activated
sludge .to ultimately treat toxic wastes, may prolong the growth of
microbial populations that specifically degrade the toxicants.
Moreover, in case of seeding, the reactor microbial activity is not
truly reflected by the concentration of volatile suspended solids
and consequently the kinetics of the system will not be assessed
with reasonable accuracy. The growth of a culture that is specific
to the toxicants is not only desirable from the standpoint of
treatment efficiency, but also necessary to safeguard against shock

loading.
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Most researchers have reported the degradation of up to
500 mg/l of phenol. Herzburn et al [59] reported that 570 mg/l of
phenol was degraded in SBR with a hydraulic retention (HRT) of 5
to 9 days. Hsu [60} reported the biodegradation of a wastewater
containing up to 950 mg/l of phenol in a SBR operated at an HRT
of 2 days. It is evident therefore, that dilutions to phenol
concentrations of about 500 mg/l at the start of the SBR cycle
were often necessary to pl;eclude inhibition and accomplish

successful treatmeht .




Chapter 3

MATERIALS AND METHODS

3.1 SOURCE OF WASTEWATER

The wastewater used for the present study was raw

sewage obtained from North Aramco Wastewater Treatment Plant in

the Eastern Province of Saudi Arabia.

wastewater is shown in Table 3.1:

The characterization of

Table 3.1: Wastewater Characterization

Determination '

Average Con- Range
centration
pH 6.7 6.1-7.1
TSS (mg/1) 156 130- 185
VSS (mg/1) 118 105- 135
COD (mg/1) 88 70- 108
BOD (mg/1) 65 55- 82
Chloride (mg/1) 1364 1294-1412
Alkalinity (mg/1) 277 252- 285
TKN (mg/1) 31 24- 36
Total-P. (mg/1) 8 7- 10

The wastewater was collected (twice a week) and was

refrigerator prior to use, to retard biological activity.

stored in the



3.2 EXPERIMENTAL SET-UP

The experimental set-up for SBR as shown in Fig. 3.1,
consists mainly of four reactors (SBR-1, SBR-2, SBR-3 and
SBR-4), mounted on a wooden bench. Each of the reactors was
constructed of 3/4 inches thick and 3.5 inches internal diameter
plexiglass tube. Each reactor was 10 inches high resulting in a
total volumetric capacity of 1.5 liters. Air was supplied through
medium porosity diffusers fixed at the bottom of each reactor to
ensure the dissolved oxygen concentration was maintained above 2
mg/l. Four small motors manufactured by Dayton Eleec. Mfg.
(Chicago, IL., U.S.A.) and operated on 110V AC supply with a
speed of 120 rpm were mounted on the top of each reactor to

provide sufficient mixing

3.3 EXPERIMENTAL PROCEDURES

The experimental program was divided into two parts:
biotreatment of phenol bearing wastewater, and biotreatment of O-

cresol bearing wastewater.

A. PART I: BIOTREATMENT OF PHENOL BEARiNG WASTEWATER

This part consisted mainly of three phases namely; start-

up of culture, organic loading study, and solids residence study.
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Start-up of the System

In this phase, the reactors were started without seeding
for the aforementioned reasons. The four reactors were daily fed
with 1.2 liter of phenol augmented raw sewage at pH of 7.0. The
operating strategies for the four reactors were the same, i.e. 22
hours react period and 2 hours settle and draw periods. The
react period was terminated by shutting off the air supply and the
mixers. The microorganisms were then allowed to settle for 2
hours by gravity. Clarified supernatant was removed by suction.
The operation normally required 20 minutes. It must be noted that
the volume of sludge retained after suction was never in excess of
100 ml, and cbnsequently the effective hydraulic retention time of
the waste wats 1.1 days. The initial organic loading rates of
phenol that were applied during the first 3 weeks of the study
were 50 mg/l, 100 mg/l, 200 mg/l and 400 mg/l, respectively. To
speed the building up of mixed liquor volatile suspended solids
(MLVSS), two cycles per day were employed between days 20 and
32 of this study. However, at the absence of any signs of
inhibition, these concentrations were doubled after one month of

commissioning the study.

The response of the SBR to a shock load of phenol was
determined at the end of this study. The effect of shock loading
was carried on SBR-4, since it treated the highest concentration

by increasing the influent phenol concentration to a very high
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level and subsequently reducing it in a stepwise fashion. This
method was preferred to a gradual increase in the influent phenol
concentration to insure better simulation of real life conditions
where high loads of toxicants are suddenly applied to treatment

process and to safeguard against possible adaptation if the load

increments were not substantial.

The analysis carried out during this study were daily
measurements of the effluent and influent concentrations of phenol
using a spectrophotometer (Bausch-Lomb Model UV-D) at a wave
length of 270 nm, mixed liquor total and volatile suspended solids
(MLSS and MLVSS) and effluent total suspended solids (TSS),
three times a week following the procedure described by Standard
Methods [76].

Organic Loading Study

This study was initiated about 45 days after the start-up
for SBR-1, SBR-2 and SBR-3 and 60 days for SBR-4 to study the
effect of constant solids residence time (SRT) on different organic
loading for the reactors. The experimental procedures for this
study was the same as for the start-up phase except for the
sludge wastage. The biological SRT in this study was kept
constant at 14 days by wasting by suction 85 ml of mixed liquor
from the reactors at the end of the react period. The organic

loading rates of phenol employed in this phase were the highest
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loadings sustained during the start-up phase, i.e. 100 mg/l, 200

mg/1, 400 mg/1 and 800 mg/l, for SBR-1, SBR-2, SBR-3 and
SBR-4, respectively. All the reactors were operated for three

turnovers of mean SRT.

Measurements for influent and effluent chemical oxygen
demand (COD), the 5-day biochemical oxygen demand (BOD)
(every three days), concentration of phenol (daily), MLSS,
MLVSS, TSS and VSS (every two days) were conducted to check
for steadiness of the data. When pseudo-steady state was
attained, measurement for the prementioned parameters were
continued in addition to weekly measurements of TKN, total
phosphorous, chloride, alkalinity and sulfate. All of these tests
except the measurement of phenol were conducted according to

Standard Methods [76].
Solids Residence Time Study

This study was initiated about 3 months after the start-up
for sll the reactors. During this study the highest loading rate of
the organic pollutants achieved in the previous study was kept
constant in all the reactors and the SRT varied. To avoid
inhibition the phenol concentration was stepped gradually to 800
mg/l. According to the results of the previous study for SBR-4,
which was operated on highest organic loading rate and SRT of 14

days, the SRT chosen for the investigation varied between 3 and
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10 days. Every reactor was operated for three turnovers of mean

SRT.

The analytical techniques were exactly the same as for the

organic loading phase.

B. PART 1I: BIOTREATMENT OF O-CRESOL BEARING
WASTEWATER

This part consisted mainly of three phases namely; start-

up of culture, organic loading study, and sclids residence study.
Start-up of the System

In this phase, the reactors _were started with
approximately 500 mg/l of MLSS brought from the reactors treating
the phenol waste. The o-cresol concentrations for first week were
25 mg/1, 50 mg/l, 75 mg/l and 100 mg/l for SBR-1, SBR-2, SBR-3
and SBR-4, respectively and then they were doubled depending on
the reactors performance. The concentrations of o-cresol at end of
this phase were 100 mg/l, 200 mg/l, '300 mg/l and 600 mg/l for
SBR-1, SBR-2, SBR-3 and SBR-4, respectively.

The shock loading study of o-cresol was also conducted at
the end of this phase on SBR-4 since it treated the highest
concentration. In this study the influent o-cresol concentration

was increased incrementally by 50 mg/l of o-cresol until the



effluent o-cresol exceeded 2 mg/l of o-cresol.
Organic Loading Study

This study was initiated after one month of phase 1. The
organic loading rates of o-cresol were same as in phase I. The
SRT was kept constant at 14 days. The experimental procedures

were exactly the same as for phase II of the phenol study.
Solids Residence Time Study

In this phase the o-cresol concentration was kept constant
at 600 mg/l in sll the reactors and the SRT was varied between 5
and 20 days. The experimental procedures were identical to those

of phase IIl of the phenol study.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Part-I: Biotreatment of Phenol Bearing Wastewater
4.1.1 Phase-1: Startup of the System

The performance of the SBR's during this phase as
reflected by the concentration of mixed ligquor in the reactor, the
effluent phenol and suspended solids concentration was evaluated.
Figures 4.1 and 4.2 show the build up of mixed liquor total and
volatile suspended solids respectively, during the startup phase in
which no sludge was-wasted. It is worth noting that all four units
were started without seeding and therefore the initial concentraﬁon
of suspended solids in each of the four reactors was essentially
that of raw sewage. All four units exhibited the same tendency of
a steady increase in mixed liquor suspended solids until day 22,
followed by a steep ascent after the employment of two cycles per
day until day 33. After that one cycle was employed and the
phenol concentration was doubled until the end of this phase. The
concentration of MLVSS in the SBR's behaved as expected, i.e.
SBR's with higher concentration of phenol resul.ted in higher levels
of MLVSS. For example, the MLVSS in SBR-4 which treated 800
mg/l of phenol was about three times that in SBR-1 which treated

100 mg/l of phenol. As anticipated, the reactors mixed liquor
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concentration build-up data shown in Figures 4.1 and 4.2 clearly
emphasizes the rapid and steady growth of the raw sewage culture
on phenol and preclude any inhibitory effects of phenol at

concentration as high as 800 mg/l.

Figures 4.3, 4.4, 4.5 and 4.6 show the temporal profile of
the concentrations of phenol in the influent wastewater and the
effluents from reactors 1, 2, 3 and 4 respectively. Figures 4.3
and 4.4 indicate that the effluent phenol concentrations from SBR-1
and SBR-2 decreased very rapidly from about 7 mg/l to 0.5 mg/1
in the first few days of the build up phase. However, as
apparent from Figures 4.5 and 4.6, the effluent phenol
concentrations from SBR-3 and SBR-4 were consistently higher
than 10 n;g/l during the first 10 days of operation before
subsequently dropping to 0.5 mg/l by the end of the first three
weeks. It must be emphasized that the removal of phenol was
mereiy due to biogradation and no evidence of phenol volatility was
observed. Figure 4.7 shows the initial and residual concentrations
of phenol in an identical SBR to the reactors but treating a phenol
solution at neutral pH. It is evident from Figure 4.7 that no
significant drop in phenol concentration was observed after 24
hours of aeration. As depicled in Figures 4.5 and 4.6, phenol
removal efficiencies as high as >99% that were achieved in the
reactors in less than 3 weeks after commissioning of the study,

were sustained thereafter.
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The concentration of effluent suspended solids is a
significant water quality parameter that is often stipulated in the
disposal criteria set up by regulatory agencies. Consequently, the
effect of toxicants such as phenol on the settleability of the sludge
is of paramount importance from the application viewpoint. Figure
4.8 shows the diurnal variation in effluent suspended solids
exhibited by the four reactors. The concentration of effluent
suspended solids from the sequencing batch reactors decreased
continuously throughout the acclimatization phase form as high as
130 mg/1 at the start of the study to about 14 mg/l on day 33. It
is apparent that the feed phenol concentration did not have any
adverse impact on the effluent suspended solids and the
settleability of the sludge. The results of this phase are

summarized in Table 4.1.

The response of SBR-4 to a shock loading is shown in
Figure 4.9 when the influent phenol concentration was increased
suddenly from 800 to 1600 mg/l, the effluent phenol concentration
was about 400 mg/l, which means that 75% removal of phenol was
accomplished when a shock loading of 1600 mg/l was applied. The
influent concentration was reduced to 400 mg/l to avoid further
inhibition and subsequent culture mortality and then stepped up
gradually to reach the highest concentration of 800 mg/l that the
SBR can successfully treat without exceeding an effluent

concentration of 0.5 mg/1.
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Table 4.1: Reactors Performance During Phase I - Phenol Study

Reactor SBR-1 SBR-2 SBR-3 SBR-4
Influent phenol 61.9(42)* 1123.8(42) |[247.8(42) [495.2(42)
Cone. (mg/1)

S.D.#=* 21.6 43.1 86.1 169.1
Effluent phenol 0.7(42) 0.8(42) 4.1(42) 11.7(42)
Conec. (mg/1)

S.D. 0.6 0.8 18.60 47
MLSS (mg/1) 661(21) |955(21) 975(21) 1581(21)

S.D. 431 654 762 1103
MLVSS (mg/1) 536(20) 714(20) 760(20) 1341(20)

S.D. 349 490 594 937
Influent TSS(mg/1) 162(4) 162(4) 162(4) 162(4)

S.D. 10 10 10 10
Effluent TSS{mg/1) 61(9) 60(9) 63(9) 59(9)

S.D. 412 43 45 43

*Parenthesis indicate
**Standard deviation

the number of samples
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4.1.2 Phase IlI. Organic Loading Study

In this phase, the reactors were operated under a
constant SRT of 14 days and different organic loading rates. The
organic loading rates selected for the purpose of this study were
_100, 200, 400 and 800 mg phenol/L-day for reactors 1, 2, 3 and 4,
respectively. This phase was carried out to investigate the effect
of different organic loading rates at constant SRT and
subsequently to choose the highest concentration of phenol that
can be treated successfully. Table 4.2 gives a summary of the
results during this phase. The summary includes the average
values of the influent and effluent concentrations of phenol, TSS,
VSS, BOD, COD, total-phosphorous, TKN, alkalinity and chloride
in addition to the MLSS, MLVSS and SVi. The reported values in
the table are the averages taken over a period of one and half
month except for the MLSS and MLVSS which were averaged over

the third turnover of the SRT which was 15 days.

MLSS

The concentration of the MLSS and MLVSS in all the four
reactors decreased with time as shown in Figures 4.10 and 4.11
respectively. The MLSS decreased from 1490 to 1054 mg/l in
SBR-1, from 2136 to 1276 mg/l in SBR-2, from 2732 to 1708 mg/l in
SBR-3 and from 3040 to 2068 in SBR-4. This decrease was merely

due to the sludge wastage. Furthermore, due to the batch nature
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Table 4.2: Reactors Performance During Phase II - Phenol Study

Reactor SBR-1 SBR-2 SBR-3 SBR-4
Influent phenol 103.2(44)* | 204(44) 403(44) 804(44)
Conc. (mg/1)

S.D_** 4 5 6 7
Effluent phenol 0.5(14) 0.55(44) 0.5(44) 0.6(44)
Conc (mg/1)

S.D. 0.05 0.06 0.06 0.07
MLSS (mg/1) 1066(6) 1288(6) 1756(6) 2133(6)

S.D. 9 13 42 46
MLVSS (mg/1) 850(6) 1070(6) 1405(6) 1760(7)

S.D. 9 13 34 51
Influent TSS(mg/1) 170(3) 170(3) 170(3) 170(3)

S.D. 7 - 7 7 7
Effluent TSS(mg/1) 9.8(19) 9.4(19) 3(19) 12.6(19)

S.D. 3.3 3.1 345 5.4
Influent VSS(mg/1) 125(3) 125(3) 125(3) 123(3)

S.D. 3 3 3 3
Effluent VSS(mg/1) 9.1(19) 8.5(19) 8.1(19) 12.1(19)

S.D. 2.8 2.5 2.3 3.3
Influent BOD(mg/1) 225(19) 400(19) 725(19) 1383(19)

S.D. 18 15 12 14
Effluent BOD(mg/1) 4.9(19) 4.7(19) 4.6(19) 4.9(19)

S.D. 0.4 0.5 0.5 0.6
Influent COD(mg/1) 320(15) 564(15) 1024(15) 1890(15)

S.D. 16 17 13 15
Effluent COD(mg/1) 42(15) 41(15) - 43(15) 47(15)

S.D. 8 7 7 10
SVI (ml/g) 58(11) 63(11) 70(11) 123(10)

S.D. K 8 6 37
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Reactor SBR-1 SBR-2 SBR-3 SBR-4
Influent total-p (mg/1) 8(2) 8(2) 8(2) 8(2)
S.D. 0.5 0.5 0.5 ]
Effluent total-p(mg/1) 6.1(2) 6.5(2) 5.9(2) 5.7(2)

S.D. 0.3 0.6 0.8 0.7
Influent TKN(mg/1) 31(2) 31(2) 31(2) 31(2)

S.D. 2 2 2 2
Effluent TKN(mg/1) 16.1(2) 16.1(2) 15.8(2) 13.2(2)

.D. 1 0.8 0.6 0.6
Influent alkalinity 265(2) 265(2) 265(2) 265(2)
(mg/1)

S.D 5 5 5 5
Effluent alkalinity 172(2) 168(2) 164(2) 160(2)
(mg/1)

S.D. 4 5 3 3
Influent chloride(mg/1) 1364(2) 1364(2) 1364(2) 1364(2)

S.D. 10 10 10 10
Effluent chloride(mg/1) 1364(2) 1351(2) 1311(2) 1285(2)

S.D. 14 8 8 6

*Parenthesis indicate the number of samples

*Standard deviation
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of SBRs, as the MLSS and MLVSS concentrations did not remain
constant during the course of an operating cycle [60]. It is
apparent form Figures 4.10 and 4.11 that the MLSS and MLVSS of
the four reactors depicted the same trend of a rapid decrease in
the first turnover followed by a milder drop during the course of
the second and third turnover. This could be due to the transient
condition in the beginning of this phase, in which the loss of the
MLSS and MLVSS wastage was greater than the buildup. With time
equilibrium was reached which makes end of the phase. It can be
seen from Figures 4.10 and 4.11 that the rate of MLSS and MLVSS
decrease was greater in the reactors that treated higher
concentration of phenol, i.e. the lowest rate of biomass loss was
encountered in SBR-1, which treated 100 mg/l, of phenol, and the
highest rate was encountered in SBR-4, which treated 800 mg/l1 of
phenol. Since the desired SRT was achieved by disposing of the
necessary volume of the reactor contents at the end of the aeration
period, the rate of loss of mixed liquor solids increased with
increasing mixed liquor concentrations. Consequently, after the
first turnover, the rate of biomass loss continued to subside until
it stabilized towards the end of the third turnover. The average

values of the food to microorganism (F/M) ratio during the third

mg/l of phenol
turnover of SRT were 0.12, 0.19, 0.29 and 0.46 mg/l of MLVSS

for reactors, 1, 2, 3 and 4, respectively. It must also be

emphasized that the high ratios of F/M prevalent during the third
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turnover did not impair performance or adversely affect the quality

of the effluent.

Efftuent phenol

Figures 4.12, 4.13, 4.14, and 4.15 show the temporal
profile of the concentrations of phenol in the influent wastewater
and the effluents from reactor 1, 2, 3 and 4, respectively. As
apparent from these four figures, the influent concentration of the
phenol fluctuated for all the reactors. This ié due to the manual
operation and the presence of some aromatic organic compounds in
the raw sewage that contributed absorbance at the wave length at
which the phenoi was measured. It can be seen from Table 4.2
that the standard deviation of the effluent concentration of the
phenol for all the reactors was less than 0.1 mg/l. This indicates
that not only were the effluent concentrations of the phenol from
all the reactors less 1 mg/l, but they exhibited very little
variability. It is also clear from Table 4.2 that the percentage
removal of phenol in all the reactors was reactors was > 99%. This
indicates that phenol can be treated effectively at mean SRT of 14

days and at concentration as high as 800 mg/1.

The treatment efficiencies of SBRs im this phase were
compared to the removal efficiencies of other biological systems
dealing with hazardous wastes. Herzburn (70) attained 96.8%

removal of phenol using SBRs. The MLSS concentration was 6900
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mg/l and there was no sludge wastage. the operating strategies
were 10 hours fill and react periods, 1 hour settle period and 1
hour draw period and the HRT was 1.25 day. Drinkwater (77)
attained 86.4% removal of phenol using activated sludge system.
The MLSS concentration was maintained close to 3790 mg/l by
wasting necessary amount of the mixed liquor. The aeration time
of the reactor was 20 hours. It is evident from this comparison
that our system achieved higher removal efficiencies at lower level
of the mixed liquor concentrations. This may be attributed to the
startup procedure wherein the reactors were not needed with any
sludge but rather slowly allowed to buildup the mixed liquor using
the microbial solids present in the raw sewage, thus enriching the

phenolic compounds degrading microbes.

Efftuent BOD and COD

The influent and effluent BOD and COD for reactors 1, 2,
3 and 4 are shown in Figures 4.186, 4.17, 4.18 and 4.19,
respectively. As apparent from these four figures the influents
concentration of COD and BOD fluctuated slightly for all the
reactors. This is due to the manual operation and due to the
biological activity even though the wastewater was stored in the
refrigerator. It can be seen from Tabie 4.2 that the
concentrations of the effluent BOD from all the reactors, which
averaged around 5 mg/l, were quite consistent as reflected by the

standard deviations which were less than 1 mg/l. Additionally the
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percentage removals of the BOD during this phase were 97.8%,
98.8%, 99.3% and 99.6% for reactors 1, 2, 3 and 4 respectively.
This indicates that all the reactors affected essentially the same

BOD removal efficiency.

The average percentage removals of the COD during this
were 87%, 93%, 96% and 98% for reactors 1, 2, 3 and 4
respectively. Surprisingly, it was found that the change in the
influent concentration had no effect on the effluent concentration
which was found to be about 40 mg/l. In an attempt to investigate
this finding, a sample from the raw wastewater was analyzed by
gas chromatography. The sample was characterized to contain
different non-biodegradable chemicals which are not reflected in
the BOD test and resulted in high COD values. To emphasize this
finding the secondary effluent of the North Aramco Wastewater
Treatment Plant (which was activated sludge system) was observed
to contain about 45 mg/1 ‘as COD. As apparent from Table 4.2,
the standard deviation of the effluent COD in all the reactors was
about 8 mg/l. This relatively high variability was due to the non-
biodegradable organics present in the influent raw sewage and not

due to the residual phenol.

Hsu (60) attained 97% removal of BOD using SBRs. The
BOD concentration of 242 mg/l was reduced to 8 mg/l.
Misbahuddin (73) attained 94% and 87% removal of BOD and COD

respectively. In his study petrochemical wastewater was treated in
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SBR system. Drinkwater (77) attained 83% removal of BOD using
activated sludge for phenolic waste. It can be noted that although
the maximum BOD removals are the same for most of the
wastewaters, the treatment efficiencies in terms of COD are highly
variable. The relatively higher BOD and COD removal efficiencies
accomplished in this phase of the study may be attributed to the
fact that the system treated relatively simple hazardous
contaminants in comparison with the complex hazardous wastes

treated in the aforementioned studies.
Effluent TSS and VSS

The concentration of the effluents TSS and VSS are shown
in Figures 4.20 and 4.21, respectively. As shown in Table 4.2,
the average concentration of effluents TSS and VSS for all the
reactors were about 12 mg/l and their standard deviations were
about 4 mg/l. This indicates that the effluents TSS and VSS were
consistent during this phase. It -is apparent that sludge wastage
did not have any adverse impact on the effluent suspended solids
and the settleability of the sludge. As depicted in Figures 4.20
and 4.21, the differences between the TSS and VSS are
insignificant. This indicates that all the suspended solids are

biological solids.

Misbahuddin (73) reported effluent TSS of 9 mg/l when

the influent TSS was 22.8 mg/l and the settling time was one hour.
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Hsu (60) produced effluent TSS between 11 and 21 mg/l at settling
time of one hour. Thus it is apparent that the effluent quality in
terms of TSS concurred with what was reported in the
aforementioned studies, and was well above the quality of

secondary effluents.
Svi

The sludge-volume index was .calculated according to the

following equation:

SVI = MIVSS XV X 10 (4.1)
where:
V = the volume in millimeters occupied by sludge after
settling for 1 hour.
MLVSS = the concentration of the MLVSS in (mg/1).
Vc = the volume of graduated cylinder, in this case it

was a 25 ml cylinder.

Figure 4.22 shows the variation of the SVI values during this
phase. As depicted in Figure 4.22, the SVI increased slightly
from 53 to 69, from 57 to 64, and from 68 to 76 for for reactors 1,

2 and 3, respectively. This increase in the SVI wvalues with
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operating time must not be attributed to the reduction in the
MLVSS concentration, but rather to the change in settling
properties of the sludge. As shown in Table 4.2, the average
values of the SVI were 58, 63 and 70 ml/g for reactors 1, 2 and 3
respectively. This indicates that reactors 1, 2 and 3 had very

compact sludge.

For SBR-4, the SVI decreased with time from 175 ml/g to
85 ml/g. This initial high SVI is owed to the disturbance of the
culture of the SBR-4 during the start-up phase (during the shock
loading study) which took the microbial culture about 35 days to
return back to its normal condition. Additionally, it is clear from
Figure 4.22 that the SVI of SBR-4 stabilized around 85 ml/g after
35 days until the end of this phase. This indicates that SBR-4
ultimately accommodated compact sludge and it also indicates that

high toxicant concentrations did not hinder sludge settleability.

Smith and Wilderer (4) obtained SVI values between 106
ml/g and 69 ml/g depending on the days of operation using
sequencing batch reactors for treating hazardous landfill leachate.
Misbahuddin (73) obtained SVI between 69 ml/g and 59 ml/g
depending on the reactors strategies of varying the ratio of the
anoxic fill to react time periods. Thus, the S\'II reported herein,
despite the relatively high values of SBR-4 are well within the

range of literature values for similar wastes.
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Nutrient Removal

The concentrations of the TKN and total-p were analyzed
only two times at the end of this phase. As can be seen from
Table 4.2, the TKN decreased from 31 mg/l to 16.1, 16.1, 15.8,
and 13.2 mg/l, respectively, in SBR-1, SBR-2, SBR-3 and SBR-4.
SBR-4 achieved the highest reduction in the TKN, since it
synthesized more cells than all the others. The decrease in the
influent TKN can be attributed to the utilization of nitrogen for
cell synthesis plus the conversion of organic nitrogen to ammonia

nitrogen and subsequently to nitrite and nitrate nitrogen.

It is also evident from Table 4.2 that the total-p decreased
from 8 mg/l1 to 6.1, 6.5, 5.9, and ‘5.7 mg/1, respectively, SBR-1,
SBR-2, SBR-3 and SBR-4. -The decrease in the influent total-p
can be attributed to the utilization of phosphorous for the cell

synthesis.

The BOD/N/P ratios for SBR-1, SBR-2, SBR-3 and SBR-4
were 100/6.6/1.3, 100/3.7/0.4, 100/2.1/0.3, and 100/1.3/0.2,
respectively. However, it is evident that the BOD/N/? ratios for
the reactors did not match with the general ratio of BOD/N/P
which is 100/5/1 (78). This might be due to -the microorganisms
were well acclimatized that they consumed less amount of nitrogen
and phosphorous, or due to experimental error during the

measurements of TKN and total-p.
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4.1.3 Phase 111. Solids Residence Time Study

This phase was carried out to investigate the effect of
different SRT on the treatability of the wastewater at a constant
organic loading rate. In this phase, the influent concentration of
the phenol of reactors 1, 2 and 3 was stepped to 800 mg/l
gradually to avoid inhibition. The influent and effluent phenol
concentration during transient phase are shown in Figure 4.23.
The mean SRTs selected for this study were 3, 5 and 10 days for
reactors 1, 2 and 3, respectively. SBR-4 was not operated during
this phase of the study since it treated phenol concentration of 800
mg/l and SRT of 14 days without any sign of failure. Table 4.3
gives a summary of the results during this phase. The summary
includes the average <wvalues of the influent and effluent
concentrations of phenol, TSS, VSS, BODs, COD, total-p, TKN,
alkalinity and chloride in addition to the MLSS, MLVSS and SVI.
The reported values in the table are the averages taken over a
period of three turnovers of the SRT in each reactor except for

the MLSS and MLVSS which were averaged over the third turnover

period of the SRT in each reactor.

MLSS

The concentration of the MLSS and MLVSS are shown in
Figures 4.24 and 4.25 respectively. It is worth noting that the

levels of the MLSS were about 2350 mg/l in all the reactors at the
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Table 4.3: Reactors Performance During Phase III ~ Phenol Study

Reactor SBR-1 SBR-2 SBR-3
Mean SRT (days) 3 5 10
Influent phenol Con. (mg/1) - 805(9)* 804(15) 802(30)
S.D.*>* 9 7 5
Effluent phenol Con. (mg/1) 90(9) 4.6(15) 0.5(30)
S.D. 89 12.5 0.05
MLSS (mg/1) 926(3) 1231(3) 1765(5)
S.D. 221 229 57
MLVSS (mg/1) 753(3) 1011(3) 1412(5)
S.D. 160 165 40
Influent TSS (mg/1) 178(2) 178(2) 178(2)
S.D. 6 6 6
Effluent TSS (mg/1) 78(5) 15(7) 10(13)
S.D. 43 11 3
Influent VSS (mg/1) 124(2) 124(2) 124(2)
S.D. 4 4 4
Effluent VSS (mg/1) 66(5) 14(7) 9.5(13)
S.D. 40 8 2.5
Influent BOD (mg/1) 1392(4) 1385(7) 1386(10)
S.D. 12 12 12
Effiuent BOD (mg/1) 188(4) 20(7) 5(10)
S.D. 155 37 0.5
Influent COD (mg/1) 1988(4) 1984(7) 1988(10)
S.D. 22 18 18
Effluent COD (mg/1) 296(4) 57(7) 39(10)
S.D. 224 43 4
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Reactor SBR-1 SBR-2 SBR-3
SVI (ml/g) 135(5) 80(7) 52(11)
S.D. 84 53 7
Influent total-p (mg/1) 9.4(2) 9.2(2) 9.6(2)
S.D. 0.6 0.7 0.6
Effluent total-p (mg/1) 7.6(2) 7.4(2) 6.8(2)
S.D. 1.2 2 0.6
Influent TKN (mg/1) 29.2(2) 28.4(2) 29(2)
S.D. 2 1 2
Effluent TKN (mg/1) 22.3(2) 20.4(2) 14.5(2)
S.D. 5.7 8.5 0.8
Influent Alkalinity (mg/l1) 266(2) 260(2) 286(2)
S.D. 5 5 5
Effluent Alkalinity (mg/1) 197(2) 169(2) 175(2)
S.D. 3 4 2
Influent Chloride (mg/1) 1332(2) 1330(2) 1328(2)
S.D. 12 10 12
Effluent Chloride (mg/1) 1292(2) 1284(2) 1258(2)
S.D. 10 12 6

*Parenthesis indicate the number of samples

**Standard deviation
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beginning of this phase. As depicted in these figures, the
expected decrease in the MLSS and MLVSS with decreasing SRT
was observed. The MLSS decreased form 2492 mg/1 to 708 mg/l in
SBR-1, from 2264 mg/l to 1012 mg/l in SBR-2 and from 2384 to
1712 mg/1 in SBR-3. It is clear from these figures that SBR-1 and
SBR-2 did not reach the steady state condition, since their
standard deviation during the third turnover were very high,
(about 225 mg/1). However, it is also clear from Figure 4.24 and
Table 4.3 that SBR-3 did reach the steady state condition, since
its standard deviation was relatively low (about 55 mg/1). As
apparent from Figures 4.24 and 4.25, the rate of MLSS and MLVSS
decrease was greater in the reactors that operated at lower mean
SRT. However, this is-expected, since the feed concentration was
same in all the reactors and the sludge wastage was different, i.e.
the wastage rate was higher in the reactor operated at the lowest
SRT.

Effluent phenol

Figures 4.26, 4.27 and 4.28 show the temporal profile of
the concentrations of phenol in the influent wastewater and the
effluents from reactors 1, 2 and 3, respectively. As depicted in
Figures 4.26 and 4.27, failure occurred in SBR-‘l and SBR-2, since
their effluent concentration increased to 205 mg/l and 50 mg/l at
the end of the third turnover of SRT. The percentage removals of

the phenol for both reactors were >99% at beginning of the phase
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and decreased to 74% and 94% at the end of this phase for reactors
1 and 2, respectively. The F/M ratio at the incipience of failure

mg of phenol

for reactors 1 and 2 were 0.7 and 0.8 mg of MLVSS

respectively.

Figures 4.26 and 4.27 indicate that phenol cannot be treated
successfully at mean SRT of 5 days and at concentrations as _high

as 800 mg/l1.

As depicted in Figure 4.28 and Table 4.3, the average
concentration of the effluent phenol was about 0.5 mg/l with
standard deviation less than 0.1 mg/l for SBR-3. This indicates
that the percentage removal of the phenol, which was >99%, was
consistent during the phase. The noteworthy finding of this study
depicted in Figure 4.28 that phenol can be treated effectively at
‘mean SRT of 10 days and at concentration as high as 800 mg/l.
The toxicant loading ranged from 0.4 - 0.6 mg of phenol/mg and
MLVSS. This treatment efficiency of better than 99% concurs with
that reported by Herzburn et al. (1970) who attained efficient
phenol concentrations of about 0.4 mg/l during the treatment of a
hazardous phenolic waste at a temperature of 23°C to 25°C and

hydraulic retention times of 5 and 9 days.
Effluent BOD and COD

Figures 4.29, 4.30 and 4.31 show the influent and effluent

BODs and COD concentrations for reactors 1, 2 and 3 respectively.
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As can be seen from Table 4.3 the average effluent BOD and COD
concentrations from reacior 1 and 2 were 188 mg/l and 296 mg/l,
respectively. The corresponding figures for reactor were 20 and
57 mg/l, respectively. Even though, these effluents exceeded the
limits of the secondary treatment, the minimum percentage removals
for reactors 1 and 2 of the BOD were 86% and 99% and of the COD
were 85% and 97% respectively. The removal efficiencies of
reactors 1 and 2 compares well with those reported by Hsu (60),

Misbahuddin (73) and Drinkwater (77) for phenolic waste.

As can be seen from Table 4.3, the effluent concentration
of the BOD was about 5 mg/l for SBR-3. The percentage removal
of the BOD was >39% for SBR-3. This removal efficiency of the
BOD was sustained with m:inlmal variability throughout the phase as
reflected by the 10\;7 standard deviation which was about 0.5 mg/1.
As apparent from Table 4.3, the average percentage removal of the
COD for SBR-3 was 98%. It is also clear from Table 4.3 that the
average concentration of effluent COD was about 40 mg/l and the
standard deviation of the effluent COD was about 4 mg/l for
SBR-3. This high effluent COD and the standard deviation were
due to the nature of the raw sewage and not due to the residual
phenol. As apparent from Figure 4.31 that the effluent COD and
subsequently the COD removal efficiency in reactor 3 were
consistent during this phase. Misbahuddin (73) obtained 94% and

87% removal efficiency of BOD and COD, respectively during the
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SBR treatment of petrochemical waste while Smith and Wilderer (4)
reported a 93.5% reduction in the COD of a hazardous landfill
leachate using the SBR. The relatively higher BOD and COD
reduction efficiencies reported may be attributed to the fact that a
relatively simpler hazardous waste was treated in comparison with

the complex wastes investigated by the foregoing researchers.

Efftuent TSS

Figures 4.32 and 4.33 show the éfﬂuent concentration of
TSS and VSS respectively. As can be observed from these
figures, the TSS and VSS increased with time for reactors 1 and 2
and they wefe consistent for reactor 3. As shown in Figure 4.31,
the TSS values for SBR-1 and SBR-2 increased from about 12 mg/}
at the beginning of the phase to 130 mg/1 and 32 mg/l,
respectively at the end of the phase. These values exceeded the
limits of the secondary treatment, which indicate that the culture
were disturbed by the high phenol concentrations. It is apparent
from Figures 4.26, 4.27 and 4.32 that the breakthrough of phenol
and TSS for reactors 1 and 2 happened at the same time, i.e. for
SBR-1 the concentration of effluent phenol exceeded the limits at
day 4, and the effluent TSS exceeded the limits at day 4. This
indicates that the failure of the system can be imown by measuring
phenol or TSS. The average concentration of the suspended solids
for SBR-3 was about 10 mg/l with standard deviation around 3

mg/l. This indicates that a mean SRT of 10 days did not have any
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adverse impact on the effluent suspended solids.

SVI1

The SVI was calculated according to Equation 4.1. The
SVI values in the reactors increased with time as shown in Figure
4.34. As expected, the highest value of SVI was encountered in
SBR-1 which operated at lowest SRT values. As shown in Figure
4.34, the SVI was initially about 40 mg/l in SBRs 1 and 2 but
continued increasing to reach 262 ml/g aﬁd 187 ml/g for reactors 1
and 2, respectively at the end of the phase. This indicates that
reactors 1 and 2 had sludge of poor settleability. As can be seen
from Table 4.3 the average value of the SVI for reactor 3 was
about 52 ml/g and the standard deviation was about 7 ml/g. This
reflects the good settleability of the mixed liquor of reactor 3.
Smith and Wilderer (4) obtained SVI values between 106 and 69
ml/g depending on the days of operation using SBRs for treating
hazardous landfill leachate. Misbahuddin (73) obtained SVI
between 69 and 59 mg/l depending on the reactors strategies of
varying ratio of the anoxic fill to react time periods. Thus, the
SVI reported herein for reactors that did not fail are well within

the range of literature values for similar wastes.
Nutrient Removal

As can be seen from Table 4.3, the TKN decreased from

29.3 mg/l to 22.3 mg/l in SBR-1, from 28.4 mg/l to 20.4 mg/l in
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SBR-2 and from 29 mg/l to 14.5 mg/1 in SBR-3. It is apparent
that the highest reduction in TKN occurred in SBR-3, since it
synthesized more cells than the others. The decrease in the
influent TKN can be attributed to the utilization of nitrogen for

the cell synthesis.

The total-p decreased from 9.4 mg/l to 7.6 mg/l in SBR-1,
from 9.2 mg/l to 7.4 mg/l in SBR-2 and form 9.6 mg/l to 6.8 mg/1
in SBR-3. The decrease in the influent total-p can be attributed

to the utilization of phosphorous for the cell synthesis.

The BOD/N/P ratios for SBR-1, SBR-Z' and SBR-3 were
100/0.5/0.13, 100/0.58/0.13 and 100/1.04/0.2, respectively. It is
evident that these ratios did not match with general BOD/N/P
ratio. This could be due to the reasons mentioned in Phase II of

this study.
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4.2 Part-II: Biotreatment of O-Cresol Bearing Wastewater
4.2.1 Phase-I: Startup of the System

The performance of the sequencing batch reactors during
this phase was indicated by the concentration of mixed liquor in
the reactor, the effluent phenol and suspended solids
concentrations. Table 4.4 gives a summary of the results during
this phase. This includes the average of the influent and effluent
concentrations of o-cresol and TSS in addition to the MLSS and
MLVSS. The reported values in the table are the averages taken
over a period of 36 days. The standard deviations for the

parameters mentioned are also included.

Figures 4.35 and 4.36 show the build up of mixed liquor
total and volatile suspended solids respectively, during the start-
up phase in which no sludge was wasted. It is worth noting that
all four units were seeded with approximately 500 mg/l of mixed
liquor from identical reactors treating 800 mg/l of phenol in raw
wastewater, As depicted in Figures 4.35 and 4.36, the
concentration of the MLSS and MLVSS in the sequencing batch
reactors increased steadily with time. Furthermore, the rate of
buildup of MLSS and MLVSS increased with -increasing influent
concentrations of o-cresol. However, it is also clear from these
two figures that upto day 18 the same rate of MLSS increase was

observed in all four SBRs. While, after 18 days the rate of MLSS

86



87

Table 4.4: Reactors Performance During Phase I - Cresol Study

Reactor SBR-1 SBR-2 SBR-3 | SBR-4
Influent o-cresol 73(35)* 147(35) |220(35) 294(35)
Conc. (mg/1)

S .D¥**, 32 35 9% 128
Effluent o-cresol 0.65(35) |0.71(35) [0.75(35) [1.1(35)
Conc (mg/1)

.S5.D. 0.7 0.96 0.90 1.2
MLSS (mg/1) 1060(14) [1208(14) |1450(14) |1485(14)

S.D. 320 410 578 905
MLVSS (mg/1) 835(14) 970(14) |1142(14) |1200(14)

S.D. 245 310 440 690
Influent TSS(mg/1) 154(2) 154(2) 154(2) 154(2)

S.D. 9 9 9 9
Effluent TSS(mg/1) 23(10) 30(10) 32(10) 35(10)

S.D. 32 34 35 40

*Parenthesis indicate
**Standard deviation

the number of samples
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and MLVSS increase was found to be directly proportional to the
influent concentration of o-cresoi, i.e. the reactor with higher
concentration of o-cresol resulted in higher rate of MLSS and
MLVSS increase. For example, the curve of the MLSS and MLVSS
of the SBR-1, which treated 100 mg/l of o-cresol was flatter than
that of the SBR-3 which treated 300 mg/l of o-cresol. This is due
to the fact that the reactor which treated a relatively high influent
concentration of o-cresol, had higher food to microorganisms ratio
(F/M) than the reactor that treated low inﬂuént concentration.
The average values of the F/M ratio, which were calculated during

the period from day 18 until the end of this phase, were 0.077,

mg/l of o-cresol
0.161, 0.208 and 0.263 mg/l of MLVSS for reactors 1, 2, 3 and 4

respectively. Thus, the feed concentration was the limiting factor

for cell synthesis.

Figures 4.37, 4.38, 4.39 and 4.40 show the influent and
effluent concentration of o-cresol for reactors 1, 2, 3 and 4
respectively. These figures indicate that the effluent o-cresol
concentrations from all the reactors decreased very rapidly from
about 7 mg/l to 0.5 mg/l in the first three days of the build up
phase. Additionally, the effluent o-cresol concentrations were not
affected by doubling the influent concentration- of o-cresol at the
beginning of the second week and then again at the beginning of

the third week. It must be emphasized that the removal of o-
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cresol was merely due to biogradation and no evidence of o-cresol
volatility was observed. Figure 4.41 shows the initial and residual
concentrations of o-cresol in an identical SBR to the reactors but
treating a 200 mg/l solution of o-cresol solution at neutral pH. It
is evident from Figure 4.41 that no significant drop in o-cresol
concentration was observed after 24 hours of aeration. As
depicted in Figures 4.37 to 4.40, the o-cresol removal efficiencies
as high as > 99% that were achieved in the reactors in less than
one week after commissioning the study, were sustained thereafter.
This indicates that microorganisms which degrade phenol from a
phenol-bearing wastewater can be adapted to treat effectively other

hazardous phenolic compounds such as o-cresol very rapidly.

Figure 4.42 shows the diurnal wvariation in effluent
suspended solids exhibited by the four reactors. The
concentration of effluent suspended solids from the sequencing
batch reactors decreased continuously throughout the start-up
phase. It is clear from Figure 4.42 that the concentration of
suspended solids in all the effluents was about 10 mg/l. It is
apparent that the feed o-cresol concentration did not have any
adverse impact on the effluent suspended solids and the

settleability of the sludge.

The dynamic loading study which was carried on SBR-4, is
shown in Figure 4.43. As can be seen from this figure, the

influent o-cresol concentration was stepped gradually (by 50 mg/1
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of o-cresol every two days) to reach the highest concentration of
750 mg/1 that the SBR can successfully treat, without exceeding an

effluent concentration of 1 mg/l.

Although it is reported in the literature (79) that
concentrations of o-cresols __ higher than 250 mg/l are toxic and
hence non-biodegradable, the outstanding finding of this study
clearly demonstrates the biodegradability of o-cresol at

concentrations as high as 750 mg/1.

4.2.2 Phase-1l: Organic Loading Study

In this phase, the reactors were operated under a
constant SRT of 14 days and different organic loading rates. The
organic loading rates selected for the purpose of this study, were
100, 200, 300 and 600 mg/l for reactors 1, 2, 3 and {4,
respectively. This phase was carried out to investigate the effect
of different organic loading rates at constant SRT and
subsequently to choose the highest concentration of o-cresol that
can be treated successfully. Table 4.5 gives a summary of the
results during this phase. The summary includes the average
values of the influent and effluent concentrations of o-cresol, TSS,
VSS, BOD, COD, Total-p, TKN, alkalinity and chloride, in
addition to the MLSS, MLVSS and SVI., It is noteworthy that the

reported values in the table are the averages taken over a period
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Table 4.5: Reactors Performance During Phase II - Cresol Study

Reactor SBR-1 SBR-2 SBR-3 SBR-4
Influent o-cresol 103(44)* | 203(45) |302(45) |600(44)
Conc. (mg/l)

S.D.** 3.5 3 2 3
Effluent o-cresol 0.5(44) |0.45(45) |0.5(45) |0.6(44)
Conc. (mg/1)

S.D. 0.06 0.05 0.07 0.1
MLSS (mg/1) 1208(8) 1367(8) |1593(8) 2285(8)
S.D. 19 48 51 114
MLVSS (mg/1) 898(8) 1038(8) |1193(8) 1736(8)
S.D. 14 36 36 86
Influent TSS (mg/1) 162(2) 162(2) 162(2) 162(2)
S.D. 8 8 8 8
Effluent TSS (mg/1) 10.6(20) 11(20) }11.6(20) 12(20)
S.D. 2 2 2 7
Influent VSS (mg/1) 122(2) 122(2) 122(2) 122(2)
S.D. 8 6 6 6
Effluent VSS (mg/1) 10.4(20) }{10.8(20) |11.2(20) }11.5(20)
.S.D 2 2 2 4
Influent BOD (mg/1) 237(20) 391(20) | 558(20) |1043(20)
S.D. 5 10 8 9
Effluent BOD (mg/1) 4.7(20) 4.9(20) | 4.9(20) | 5.1(20)
S.D. 0.4 0.8 0.7 0.9
Influent COD (mg/1) 330(14) 580(14) | 840(14) |1590(14)
S.D. 5 8 6 8
Effluent COD (mg/!) 37(14) 35(14)- | 38(14) 35(14)
S.D. 5 4 6 5




iol

Reactor SBR-1 SBR-2 SBR-3 | SBR-4
SVI (ml/g) 58(10) 59(10) 61(10) | 95(10)

S.D. 4 5 5 26
Influent total-p 9.5(2) 8.5(2) 8.5(2) 8.5(2)
(mg/1) _

S.D. 0.4 0.4 0.4 0.4
Effluent total-p 7.1(2) 6.9(2) 7.2(2) 6.7(2)
(mg/1)

S.D. 0.3 0.6 0.6 0.8
Influent TKN (mg/1) . 29(2) 29(2) 29(2) 29(2)
S.D. 3 3 3 3
Effluent TKN (mg/1) 14.1(2) | 13.8(2) | 13.6(2) | 13.1(2)
S.D. 0.3 . 0.6 .
Influent Alkalinity 283(2) 283(2) 283(2) 283(2)

(mg/1)

S.D. 6 6 6 6
Effluent Alkalinity 165(2) 171(2) 162(2) 159(2)
(mg/1)

S.D. 3 4 3 5
Influent Chloride 1350(2) |1350(2) |1350(2) |1350(2)
(mg/1)

S.D. 7 7 7 7
Effluent Chloride 1325(2) | 1310(2) | 1300(2) | 1287(2)
(mg/1)

S.D. 3 6 7 10

*Parenthesis indicate
**Standard deviation

the number of samples



of one and half month except for the MLSS and MLVSS, which were

averaged over the third turnover of the SRT.

MLSS

The concentration of the MLSS and MLVSS in all the four
reactors decreased with time as shown in Figures 4.44 and 4.45,
respectively. The reductions in the MLSS were 13%, 27%, 35% and
45% for reactors 1, 2, 3 and 4, respectively. This decrease was
merely due to sludge wastage and due to the batch nature of the
SBRs, as the MLSS and MLVSS concentrations did not remain
constant during the course of an operating cycle (60). It is
apparent from Figures 4.44 and 4.45 that the MLSS and MLVSS of
the four reactors depicted the same trend of a rapid decrease in
the first turnover followed by a milder drop during the course of
the second and third turnovers. This could be due to the
transient condition in the beginning of this phase, in which the
loss of the MLSS and MLVSS by wastage was greater than the
buildup. With time equilibrium which ends this phase was reached.
As can be seen from Figures 4.44 and 4.45 and Table 4.5 the rate
of MLSS and MLVSS decrease was greater in the reactors that
treated higher concentration of o-cresol, i.e. the lowest rate of
biomass loss was encountered in SBR-1, which .treated 100 mg/1 of
o-cresol, and the highest rate was encountered in SBR-4, which
treated 600 mg/l of o-cresol. This could be due to that, during

the first turnover the rate of biomass loss continued to subside
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until it stabilized towards the end of the third turnover. The

average values of the F/M ratio during the third turnover of SRT

. .2, 0.25 0.35 M8/l of o-cresol
were 0.11, 0.2, and 0.3 mg/l of MLVSS for reactors 1, 2,

3 and 4, respectively. It must also be emphasized that the high
ratio of F/M prevalent during the third turnover did not impair

performance or adversely effect the quality of the effluent.
Effluent o-cresol

Figures 4.46, 4.47, 4.48 and 4.49 show the temporal
profile of the concentrations of o-crescl in the influent wastewater
and the effluents from reactors 1, 2, 3 and 4 respectively. As
apparent from these four figures, the Influent concentration of the
o-cresol fluctuated for all the reactors. This is due to the manual
operation and the presence of some aromatic organic compounds in
the raw sewage that contributed absorbance at the wave length at
whicﬁ the o-cresol was measured. As can be seen from Table 4.5
the standard deviation of the effluent concentration of the o-cresol
for all the reactors was less than 0.1 mg/l. This indicates that
not only were the effluent concentrations of the o-cresol from all
the reactors less 1 mg/l1 but also they exhibited little wvariability.
It is also clear from Table 4.5 that the percentage removal of o-
cresol in all the reactors was > 99%. This indicates that o-cresol
can be treated effectively at mean SRT of 14 days and at

concentrations as high as 600 mg/1.
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Drinkwater, et al. (77) attained 99.1% removal of a 3
mg/lo-.cresol waste using activated sludge system operated at an
HRT of 2 days. The MLSS was maintained close to 3790 mg/1 by
wasting necessary amount of the mixed liquor. The aeration time
of the reactor was 20 hours. It is clear from this comparison that
our system achieved the same removal efficiencies at lower levels of

the mixed liquor concentrations.
Efftuent BOD and COD

The influent and effluent BOD and COD for reactors 1, 2,
3 and 4 are shown in Figures 4.50, 4.51, 4.52 and 4.53,
respectively. As apparent from these four figures the influents
concentration of COD and BOD fluctuated slightly in all the
reactors. This is due to manual operation and due to the
biological activity even though the wastewater was stored in the
refrigerator. As can be seen from Table 4.5 the concentrations of
the effluent BOD from all the reactors, which averaged around 5
mg/l, were rather consistent as reflected by standard deviations
which were less than 1 mg/l. Additionally the percentage removals
of the BOD during this phase were 98%, 98.8%, 99% and 99.5% for
reactors 1, 2, 3 and 4, respectively. This indicates that all the

reactors affected essentially the same BOD removal efficiency.

The average percentage removals of the COD during this

phase were 88.9%, 94%, 95.5% and 98% for reactors 1, 2, 3 and 4,
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respectively. Surprisingly, it was found that the change in the
influent concentration had no effect on the effluent concentration
which was found to be about 35 mg/l. This is due to the nature
of the raw sewage which contains non-biodegradable chemicals
which are not reflected in the BOD test. As apparent from Table
4.5 the standard deviation of the effluent COD in all the reactors
was about 6 mg/l. This relatively high variability was due to that
of the influent raw sewage and not due to the residual o-cresol.
Comparing these results with the results of the phenol study, it is
clear that the removal efficiencies of both systems are similar.
However, this is expected since the operating strategies of the
reactors and compound treated in the reactors were chemically

-similar.
Effluent TSS and VSS

The concentration of the effluents TSS and VSS are shown
in Figures 4.54 and 4.55 respectively. As shown in Table 4.5 the
average concentration of effluents TSS and VSS in the reactors
were about 12 mg/l and their standard deviations were about 3
mg/l. This indicates that the effluents TSS and VSS were
consistent during this phase. It is apparent that sludge wastage
did not have any adverse impact on the efflue;xt suspended solids
and the settleability of the sludge. As depicted in Figures 4.54
and 4.55, the differences between the TSS and VSS are

insignificant. This indicates that all the suspended solids are
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biological solids.

The average effluent suspended solids in this phase of the
study was about 12 mg/l and in the phenol study was about 12%.
It is clear from the results of studies that the two chemicals
impacted sludge settleability to the same extent since both systems

were operated under identical conditions.

SV1

The SVI was calculated according to equation 4.1. Figure
4.56 shows the variation of the SVI values during this phase. As
depicted in Figure 4.56, the SVI increased slightly with time from
about 50 to 60 ml/g in reactors 1, 2 and 3. This increase in the
3V1 values with o;:;erating time must not be attributed to the
reduction in the MLVSS concentration, but rather to the change in
settling properties of the sludge. As shown in Table 4.5, the
average valueé of the SVI were 58, 59, 61 mi/g for reactors 1, 2
and 3 respectively. This indicates that reactors 1, 2 and 3 have

very compact sludge.

For SBR-4, the SVI decreased with time from 145 ml/g to
75 ml/g. This initial high SVI is owed to the disturbance of the
culture of the SBR-4 during the start-up pha-se (during dynamic
loading study), which took the microbial culture about 20 days to
return back to its normal condition. Additionally, it is clear from

Figure 4.56 that the SVI of SBR-4 stabilized around 80 ml/g after
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day 20 until the end of this phase. This indicates that SBR-4
ultimately accommodated compact sludge, and it also indicates high
toxicant concentrations did not hinder sludge settleability. As
apparent from Figure 4.56 and Figure 4.22, the trend of the SVI
was similar. This is obvious since the operating conditions of the

phenol and o-cresol were identical.
Nutrient Removal

The concentrations of TKN and total-p were analyzed only
two times at the ‘end of this phase. As can be seen from Table
4.5, the TKN decreased from 29 mg/l to 14.1, 14.6, 13/6 and 13.1
mg/l, respectively in SBR-1, SBR-2, SBR-3 and SBR-4. SBR-4
achieved the highest reduction in the TKN, since it synthesized
more cells than all the others. The decrease in the influent TKN
can be attributed to the utilization of nitrogen for the cell
synthesis plus the conversion of organic nitrogen to ammonia

nitrogen and subsequently to nitrite and nitrate nitrogen.

It is also evident from Table 4.5 that the total-p decreased
from 9.5 mg/l to 7.2 and 6.9, 7.2 and 6.3 mg/l, respectively in
SBR-1, SBR-2, SBR-3 and SBR-4. The decrease in the influent
total-p can be attributed to the utilization of phosphorous for the
cell synthesis. The BOD/N/P ratios for reactors 1, 2, 3 and 4
were 100/6.3/1, 100/3.7/10.7, 100/2.8/0.4 and 100/1.5/0.3,

respectively. It is evident that these ratios did not match the

120



widely accepted BOD/N/P ratio. This could be due to the reasons

mentioned earlier.

4.2.3 Phase 111: Solids Residence Time Study

This phase was carried out to investigate the effect of
different SRT on constant organic loading rate. In this phase, the
influent concentration of the o-cresol of reactors 1, 2 and 3 was
stepped to 600 mg/l gradually in about 20 days. The influent and
effluent o-cresol concentration during the transient phase are
shown in Figure 4.57. The mean SRT was chosen to be 5, 10 and
20 days for reactors 1, 2, 3 respectively. SBR-4 was not operated
during this study. Table 4.6 gives a summary of the results
during this phase. The summary includes the average values of
the influent and effluent concentrations of o-cresol, TSS, VSS,
BOD, COD, total-p, TKN, alkalinity and chloride in addition to the
MLSS, MLVSS and SVI. The reported values in the table are the
averages taken over a period of three turnovers of the SRT in
each reactor except for the MLSS and MLVSS which were averaged

over the third turnover period of the SRT in each reactor.
MLSS

The diurnal variations of concentrations of the MILSS and
MLVSS are shown in Figures 4.58 and 4.59 respectively. It is

worth noting that the levels of the MLSS and MLVSS were about
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Table 4.6: Reactors Performance During Phase III - Cresol Study

Reactor

SBR-1 SBR-2 SBR-3
Mean SRT (days) 5 10 20
Influent o-cresol conc.(mg/1) 602(15)* 602(30) 602(50)
S.D.** 4 3 2
Effluent o-cresol conc.(mg/1) 38(15) 0.5(30) 0.5(50)
S.D. 70 0.05 0.06
MLSS (mg/1) 1182(3) 1582(4) 2266(5)
S.D. 266 41 13
MLVSS (mg/1) 914(3) 1186(4) 1768(5)
S.D. 184 30 10
Influent TSS (mg/1) 178(2) 178(2) 178(2)
.D. 11 11 11
Effluent TSS (mg/1) 27(7) 12(12) 12(17)
S.D.- .. 25 2.5 2
Influent VSS (mg/1) 126(2) 126(2) 126(2)
S.D. 9 9 9
Effluent VSS (mg/1) 25(7) 12(12) 12(17)
. S.D. 22 2.5 2
Influent BOD (mg/1) 1020(7) 1022(13) 1021(21)
S.D. 14 13 12
Effluent BOD (mg/1) - 72(7) 15 4.8
S.D. 122 0.5 0.4
Influent COD (mg/1) 1560(7) 1556(13) 1558(21)
S.D. 10 11 10
Effluent COD (mg/1) 122(7) 35(13) 33(21)
S.D. 165 4 5
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Reactor SBR-1 SBR-2 SBR-3
SVI (ml/g) 80(6) 69(13) 70(18)
S.D. 31 g 8
Influent Total-p (mg/1) 9(2) 8.7(2) 8.5(2)
S.D. 1.5 1
Efftuent Total-p (mg/1) 7.3(2) 6(2) 5.8(2)
S.D. 0.4 0.4 0.6
Influent TKN (mg/1) 30(2) 32(2) 34(2)
S.D. 2 3 3
Effluent TKN (mg/1) 20(2) 18.2(2) 17.6(2)
S.D. 6 2 1
Influent Alkalinity (mg/1) 283(2) 275(2) 270(2)
S.D. 10 5 7
Effluent Alkalinity (mg/1) 189(2) 165(2) 162(2)
s.D. 7 7 8
Influent Chloride (mg/1) 1345(2) 1330(2) 1335(2)
S.D. 15 12 13
Effluent Chloride (mg/1) 1325(2) 1310(2) 1295(2)
S.D. 11 12 10

*Parenthesis indicate the number of samples

**Standard deviation
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3000 and 2200 mg/l, respectively in all the reactors at the
beginning of this phase. As depicted in these figures, the
expected decrease in the MLSS and MLVSS with decreasing SRT
was observed. The MLSS decreased from 2915 mg/l on day 1 to
910 mg/l on day 15 in SBR-1, from 3024 mg/l on day 1 to 1535
mg/l on day 30 in SBR-2 and from 3090 mg/1 on day 1 to 2320 mg/l
on day 50 in SBR-3. It is also clear from these figures that

SBR-1 did not reach the steady state condition, since its decrease

in MLSS during the third turnover of SRT was very rapid (about

37% reduction of the MLSS level). However, it is also clear from
Figure 4.58 that SBR-2 and SBR-3‘ did reach the steady state
condition, since the decrease in their MLSS was steady in the third
turnover of SRT of each reactor. As apparent from Figures 4.58
and 4.59, the rate of MLSS and MLVSS decrease was greater in the
reactors that operated at lower mean SRT. However, this is
expected, since the feed concentration was same in all the reactors
and the sludge wastage was different, i.e. the wastage rate was

higher in the reactor operated at the lowest SRT.

Effluent O-Cresol

Figures 4.60, 4.61 and 4.62 show the temporal profile of
the concentrations of o-cresol in the influent .wastewater and the
effluents from reactors 1, 2 and 3, respectively. As depicted in
Figure 4.60, the failure occurred in SBR-1, since its effluent

concentration started increasing after the second turnover of SRT
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to reach 210 mg/l at the end of the third turnover of SRT. The
percentage removal of the o-cresol was >99% at the beginning of

the phase but decreased to 65% at the end of this phase. The F/M

ratio of SBR-1 at failure was 0.76 %fgﬂﬂf;&’fvess‘s’l. Figure 4.60

indicates that o-cresol cannot be treated successfully at mean SRT

of 5 days and at concentrations as high as 600 mg/l.

As depicted in Figures 4.61 and 4.62 and Table 4.6, the
average com;:entration of the effluent o-cresol was about 0.5 mg/l
with standard deviation less than 2.1 mg/l for SBR-2 and SBR-3.
This indicates that the percentage removal of the o-cresol, which
was >99%, was consistent during the phase. The noteworthy
finding of this study depicted in Figure 4.61 that o-cresol can’ be
treated effectively at mean SRT of 10 days and at conc'entrati;:ns
as high as 600 mg/l. As shown in Figure 4.28, phenol at higher
concentrations than o-cresol can be also treated effectively at mean
SRT of 10 days. This might be due to that phenol is less toxic

than o-cresol.
Effluent BOD and COD

Figures 4.63, 4.64 and 4.65 show the influent and effluent
BOD and COD concentrations for reactors 1, 2 and 3, respectively.
As depicted in Figure 4.63 and Table 4.6, the average effluent

BOD and COD concentrations from reactor 1 were 72 mg/l and 122
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mg/l, respectively. Even though, these effluents exceeded the
limits of the secondary treatment, the minimum percentage removal

efficiencies of the BOD and COD were 68% and 69%, respectively.

As can be seen from Table 4.6, the effluent concentration
of the BOD was about 5 mg/l for SBR-2 and SBR-3. The
percentage removal of the BOD was 99% for SBR-2 and SBR-3.
This removal efficiency of the BOD was sustained with minimum
variability throughout the phase, as refilected by the low standard
deviation which was about 0.5 mg/l. This indicates that reactors 2
and 3 affected the same BOD removal efficiency. As apparent from
Table 4.6, the average percentage removal of the COD for reactors
2 and 3 was 98%. Also this indicates that reactors 2 and 3

affect:ed the same COD removal efficiency. It is also clear from
| Table 4.6 that the average concentration of effluent COD was about
35 mg/l and the standard deviation of the effluent COD was about
5 mg/l for reactors 2 and 3. This high effluent COD and the
standard deviation were due to the nature of raw sewage and not
due to the residual o-cresol. As apparent from Figures 4.64 and
4.65 the effluent COD and subsequently the COD removal efficiency

in reactors 2 and 3 were consistent during this phase.
Effluent TSS

Figures 4.66 and 4.67 show the effluent concentration of

TSS and VSS respectively. As can be observed from these

135



136

Apms 108049 ‘|li-08eyd Bulng SHAS OYL Ul SS.L J0-uojRIUSIUD Jueni}id 99'Y “Bid

(sAop)swi]
09 0S (0] 4 o 0Z o] 0
T T Y | Y BN I L | ! ] ' o
VeV V% 4@& Gm &mm mmm Cll. .
- t
oz &
) ®
o]
3
m Hov @
=3
- =l
Q
=+
-~ O
09 S
| 2
¢—ygS~—v
Z-¥gs--u " 8 =
| -YgS——u ~
~—001L




137

Apnyg 108819 ‘lll-888Yd BulN SYAS BYL Ul SSA 4O UONRIUSIUCD juen|}iT L9'y ‘Bl

09

(sAop)awiy
0¢ (0)4 0] (014 o]} 0
_ _ T T U : T T T 0
w
v v VvV v (. a \4 m
\4 vV v m € v mm .
074
oy
C—YES——V 09
¢—¥4S—--0
| —-48S——m
m

08

(1/6w) uolbiusduo) SSA



figures, the TSS and VSS increased with time for reactor 1 and
they were consistent for reactors 2 and 3. As shown in Table
4.6, the average concentrétion of the TSS for SBR-1 was 27 mg/1
which exceeded the limits of the secondary treatment. This
indicates that the culture were disturbed by the o-cresol which
resulted in high values of TSS. It is clear from Figures 4.66 and
4.60 that the breakthrough of o-cresol and TSS happened at the
same time, i.e. the concentration of offluent o-cresol exceeded the
limits (2 mg/l1) at day 10 and the effluent suspended solids
exceeded the limits (30 mg/l) at day 10. This indicates that the
failure of the system can be known by measuring organic
concentration or suspended solids. The average concentration of
the suspended solids for SBR-2 and SBR-3 was about 12 mg/1 and
the standard deviation was about 2 mg/l. This indicates that a
mean SRT of 10 days did not have any adverse impact on the

effluent suspended solids.
SvVi1

The SVI was calculated according to Equation 4.1. The
SVI values in the reactors increased with time as shown in Figure
4.68. As expected, the highest value of SVI was encountered in
SBR-1, since its culture was greatly disturbed.by wastage. It is
apparent from Figure 4.66 that the SVI was 67 ml/g at day 2 and
continued increasing to reach 140 ml/g at day 12. This indicates

that reactor 1 had sludge of poor settleability characteristics. As
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can be seen from Table 4.6 the average value of the SVI for
reactors 2 and 3 was about 70 ml/g and the standard deviation was
about 9 ml/g. This reflects the good settleability of the mixed

liquor of reactors 2 and 3.
Nutrient Removal

As can be seen from Table 4.6, the TKN decreased from
30 mg/1 to 20 mg/! in SBR-1, from 32 mg/l to 16.2 mg/l in SBR-2,
and from 34 mg/l to 12.6 mg/l in SBR-3. It is apparent that the
lowest reduction in TKN occurred in SBR-1, since it synthesized
less cells than the others (SBR-1 did not consume all the BOD).
It is also clear that the reduction in TKN for SBR-2 and SBR-3
was same, since both reactors consumed the same amount of the

BOD.

The total-p decreased from 9 mg/l to 7.3 mg/l in SBR-1
from 8.7 mg/1 to 6 mg/1 in SBR-2 and from 8.5 mg/l to 5.8 mg/l in
SBR-3. The decrease in the influent total-p can be attributed to

the utilization of phosphorous for the cell synthesis.

The BOD/N/P ratios for reactors 1, 2 and 3 were
1020/10/1.7, 100/0.98/0.17, 100/1.55/0.26 and 100/2.1/0.26,
respectively. As can be seen, these ratios did. not match with the
general BOD/N/P ratioc. This might be due to the reasons

mentioned earlier.
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4.3 Kinetic Study

The relationship commonly used for the description of
substrate utilization-bacterial growth is Monod model. The Monod

equation can be stated as:

(4.2)

where
p = specific growth rate (time-l)
B, = maximum specific growth rate (time-l)
S = substrate concentration (mg/1)
K = half-saturated coefficient (mg/1)

During the react period of an SBR cycle, no flow of wastewater
into or out of the reactor takes place, as such an SBR can be
modeled as a batch reactor. Simple mass balances on the bacterial
cell concentration and the substrate concentration yield the
following system of ordinary differential equations:

dX

@ Tw-oK

3 X (4.3)

and



where

"
"

=
n

A
n

(4.4)

bacterial cell concentrations (measured in terms of

MLVSS, mg/l1).

the cell decay rate (time-l)

maximum rate of substrate utilization per unit mass of

microorganisms.

Assuming that the bacterial cell concentration remains constant

during the react period, and indeed this was the case as shown in

Table 4.7, Equation 4.3 becomes zero and Equation 4.4 can be

integrated for t and S as follows:

ds

at

dt

das

_ KSX
K_+ S
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Table 4.7: Values of Cell Concentration
during the Kinetic Study
Reactor Phenol O-cresol
R1 R2 R3 R4
At the beginning 2760 3010 2100 3785
At middle 2792 325 2130 3805
At end 2810 335 2140 3815
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K
t=-—>Ln(S) - x>+ C (4.5)

where
¢ = integration constant

Equation 4.5 can be solved for Ks and K using non-linear

regression analysis, since the variation of S with time can be
determined. Phenol and o-cresol were determined every 5 and 10
minutes, respectively. This equation was solved using computer
package of the statistical analysis system (SAS). Figures 4.69,
4.70, 4.71, and 4.72 show the relationship between experimental
data and predicted data for both compounds. It is apparent from

these figures that Monod model was good enough to describe the

kinetic data for SBRs. The chi-sqaure test (Xz) which used to
determine the goodness of fit of the data was calculated according

to Equation 4.6

x2 = + + ... (4.6)

where

o, is observed data

e, Is predicted data
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Table 4.8 shows the values of chi-square calculated from Equation
4.6 and the critical values of chi-square (XZO 99) obtained from
standard tables (assuming that the level of significance of 0.01).

Since X2 > Xzo 99’ the fit of the data is very good.

The Y and K d coefficients can be obtained from Equation

4.7:

1
6:=YU-Kd 4.7

where

Gc = mean cell residence time

Y = maximum yield coefficient measured during any finite
period of logarithmic growth, and defined as the ratio
of the mass of cells formed to the mass of substrate

consumed, mass/mass.

U = specific substrate utilization rate, and equal to

QSO-S

\Y X

The coefficient of Y and K 4 can be obtained by plotting ()L versus
c

U, since Y is the slope of the straight line and K, Is the

d
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Table 4.8: Chi-Square Values

Reactor X 0.99
R1 0.21 13.3

Phenol R2 0.28 23.2
R1 0.29 20.1

Cresol R2 0.22 23.2
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intercept. It is worth mentioning that the X and S values used
for calculating U are the average values of the steady-state data
ilustrated in Table 4.7. Figures 4.73 and 4.74 show the plot of

61— versus U for phenol and o-cresol, respectively. The summary

c

of the results of the kinetic coefficients of this study and other
studies reported in the literature is listed in Table 4.9. It must
be emphasized that conversion factor of 1.67 mg BOD/mg phenolic
compounds was used to convert the original data to the wunits of
Table 4.9 to facilitate comparison with literature values. It is
evident from Table 4.9 that our system is superior to other
systems since the yield value of our system concurred .with thosé
values reported in Table 4.9 and our system has a very high
maximum substrate utilization rate, K, and it takes small range of
substrate concentration to reach this an reflected by a very low

half saturation constant Ks. This may be attributed to the startup

procedure wherein the reactors were not seeded with any sludge
but rather slowly allowed to buildup the mixed liquor using the
microbial solids present in the raw sewage, thus enriching the

phenolic compounds degrading microbes.
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Table 4.9: Kinetic Coefficients
-1
Kinetic Method Waste Type K (mg/L of BOD) | K(mg BOD/mg y(mg MLVSS| (K 3 day )
Coefficients MLVSS -day ) /mg BOD)
R1 20.7 4.5
SBR*
Phenol R2 Phenolic waste 9.8 7.5 0.44 0.006
R1 26.6 3.6
SBR
Cresol R2 Phenolic waste 15.5 2.0 0.34 0.013
HSU(60) SBR Petrochemical waste 376 1.6 1.08 0.098
Qasim(81) ASH* Municipal waste 82 3.5 0.45 0.04
Municipal waste 18.78 1.54 0.71 0.09
Rebhum(82) AS " Municipal waste 20 1.43 0.59 0.05
Frementation waste 310 4.00 0.26 0.028
Orhon(83) AS Frementation waste 50 0.5 0.58 0.088

SBR: Sequencing Baich Reactor

AS: Activated Sludge



CONCLUSIONS

The foiiowing conclusions can be drawn based on the bio-

treatment of phenol and o-cresol bearing wastewater.

ot

The SBRs can be started very rapidly and effectively

without seeding.

Microorganisms which degrade phenol can be adapted to
treat effectively other hazardous phenolic compounds

such as o-cresol very rapidly.

With proper acclimation and adaptation, the microorgan-
isms in a SBR can handle a shock loading of phenol as
high as 1600 mg/l with over 75% removal at a HRT of

1.1 day.

O-cresol can be reduced biologically from 750 mg/l1 to
less than 0.5 mg/l in SBR operating at a HRT of 1.1

day.

Both phenol and cresol can be treated with more thzn
99.9% removal at a SRT of 10 days and a HRT of 1.1
days at loadings of 800 and 600 ké/m3, respectively.
The effluent BOD and COD concentrations were about 5
and 35 mg/l, respectively, representing over 99.5% BCD

removal efficiency and about 98% COD removal
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efficiency.

Phenol at a loading of 800 kg/m3-d and an HRT of 1.1
days can be partially removed by 85% at a SRT of 3.0
days and 94% at a SRT of 5 days. Phenol loading of

0.7-0.8 mg phenol/mg MLVSS appear to initiate rapid

deterioration in biological activities. Inhibition was more

closely associated with toxicant mass to microbial solids
ratio than with SRT since the reactors sustained the
loading offer the first and sometimes second turnover of

SRT.

Only 60% cresol at a loading of 600 kg/m3-d and an HRT
of 1.1 days was biodegraded at a SRT of 5.0 days with
i'apid breakthrough of cresol and consequently BOD as
well as TSS ensuing from a toxicant loading of 0.6 mg
cresol/mg MLVSS. Inhibition again started after the

end of the second turnover of SRT.

In all inhibited reactors, the breakthrough of TSS con-
curred with that of organics. The breakthrough of TSS
was attributed to loss of sludge settleability due to mor-

phological changes at inhibition.
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