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Abstract—As petrochemical industrial wastewater contains
many recalcitrant compounds, the potential of hybrid biological
reactors may present a resource to be tapped, especially in the
actual operation of an industrial wastewater treatment facility
such as Al-Wafra industrial wastewater treatment plant in
Kuwait treating primarily petrochemical industry wastewater.

This paper examines possible scenarios for use of hybrid
reactors in existing Al-Wafra industrial wastewater treatment
plant to improve its efficiency due to loss of biomass in the
activated sludge process caused by extreme conditions of the
industrial wastewater it receives and its inhibitors. The main
innovation in this study, the hybrid reactor was constructed
using a biological carrier of the high surface area Random
Packing type and was operated using real wastewater samples
from Al-Wafra Industrial wastewater Treatment plant. The
modalities of operation included high dissolved oxygen levels
(4.0 mg/l), low dissolved oxygen levels (2.0 mg/l), and under
ANNAMOX conditions.

Results revealed that stable biomass have developed on the
support media of the hybrid biological reactor with attached to
suspended biomass ratio exceeding 70% and improved
efficiency of the first sequence (hybrid-to-ASP) process for
TOC removal of 11-17% and 19-26% for the second sequence
(ASP-to-hybrid) combination depending on the operating
conditions. These results clearly reflect the unfavorable
conditions for biodegradation after the primary chemical
treatment at Al-Wafra plant.

In addition, the dominant bacterial species were identified as
pseudomonas species favor less acidic environments which were
achieved after the ASP. In terms of nitrification/denitrification,
the process met the ammonia and total nitrogen Kuwait
standards for irrigation water of 15 and 35 respectively.

Index Terms—Hybrid biological industrial
wastewater, wastewater treatment.

reactors,

I. INTRODUCTION

Petrochemical industries are an important industrial sector
in Kuwait and internationally as they use and produce
considerable amounts of water and wastewater.
Petrochemical wastewater is treated using a variety of
technologies, including physical and chemical treatment
processes such as electro-coagulation, electrochemical
oxidation, dissolved air flotation, adsorption, and many
others [1]. However, these technologies are costly, use
specialized treatment equipment, use huge amounts of
chemicals, and produce excessive amounts of sludge.
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Biological processes are preferred since they are simple,
inexpensive, and environmental friendly in their operation
[1].

Biological processes can be one of three types, namely,
suspended, attached, or hybrid processes. The suspended
growth process utilizes suspended microorganisms to
degrade contaminants in the wastewater; the attached growth
process utilizes solid media to grow the microorganisms in
order to reduce their loss rate, and the hybrid process is a
combination of both and can be configured and operated in a
variety of ways to maximize efficiency and maintain
flexibility.

In many instances integrated film biological reactors or
biofilm reactor, intended by design, may actually be
operating in a suspended and/or attached biological growth
modes and, therefore, these reactors are termed “hybrid”
biological reactors. The hybrid reactor process can be used as
a normal wastewater treatment process the same way as an
activated sludge process (ASP) or an attached growth process.
In addition to their many advantages including good
performance, simplicity of operation, and ability to absorb
shock loads, hybrid biological reactors can be optimized to
maximize degradation rates of organics including compounds
of emerging concern and, hence, they are promising
technology in treating industrial wastewaters [2].

In this paper, the research is focused on improving the
performance of the activated sludge process of Al-Wafra
industrial wastewater treatment plant in Kuwait. A hybrid
biological reactor is proposed for this purpose. A background
on Al-Wafra industrial wastewater treatment plant is given
next.

Al-Wafra Industrial Wastewater Treatment Plant.
Al-Wafra Industrial Wastewater Treatment Plant is the only
industrial wastewater treatment in Kuwait. The plant consists
of preliminary treatment, chemical treatment and biological
treatment at the secondary level. Disinfection by chlorination
is then applied to effluent before storage in storage tanks. The
plant does not utilize anaerobic processes or advanced
treatment processes to further polish its effluent.

Al-Wafra Industrial Wastewater Treatment Plant receives
industrial wastewater from various industries via tankers to
the maximum daily capacity of 7,500 m® According to
Al-Dhafeeri [3] around 300 tankers daily undergo testing
before admitting their wastewater into the plant and in case
tests indicate unsuitability some will be rejected. The
accepted tankers are responsible for 5,000 m3/d load at which
the plant is operating currently. This level of operation is
maintained and imposed by the volume of generated sludge
[3]. Industrial wastewater treatment in Kuwait has been
briefly addressed in previous Kuwait Institute for Scientific
Research (KISR) studies, mainly [3]-[5] and it is evident that
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technology development is one of the key solution areas that
was not addressed as these studies addressed sampling of few
industrial wastewater sources and examining available
records despite the incomprehensiveness of these records.
Review of Al-Wafra industrial wastewater treatment plant
records, for example, records has indicated that all the daily
parameters as well as the monthly parameters are in
compliance with the ministry of public works (MPW)
tripartite guidelines [3] for the plant. However, not all the
parameters in the tripartite guidelines are monitored and not
on a daily bases. Additionally, the water reuse criteria of both
EPA and MEW are met, but many parameters in these
standards are not monitored. Of utmost importance are the
biochemical oxygen demand (BOD), metals, ammonia and
phenols. For industrial wastewater, contaminants of
emerging concern are of utmost importance such as phenols,
BTEXs, metals and radionuclides to highlight a few. These
contaminants are not efficiently degraded using the current
treatment scheme at Al-Wafra and are not currently
monitored; a factor that hinders sound decision making on
suitable reuse options of this plant’s effluent and undermines
the confidence in the risks associated with it.

Due to the limited capacity of the plant (only 7,500 m*/d
total) and the challenges to reuse its effluent, there is a need
to study the plant performance, identify its operational issues,
and identify ways to optimize its performance in order for it
to serve its intended purposes. Additionally, the lack of
centralized industrial wastewater treatment plants in Kuwait
presents an imperative to study this only plant and identify
potential improvements in its performance to serve as a guide
for future out-scaling or upgrading to support industrial
expansion and environmental protection in Kuwait.

Aims of this paper. This research is aimed at assessing the
pilot performance of a hybrid biological reactor in treating
industrial wastewater. The main reason for this is to improve
the performance of existing industrial wastewater treatment
plant and assess the possibilities of a stand-alone treatment
process for individual industries. It is hypothesized that
reasonable integration scenarios will enable achieving better
industrial wastewater treatment process. The main objective
of this project is to assess the performance of a pilot hybrid
biofilm reactor under different scenarios of treatment for
industrial and petrochemical wastewater. This objective can
further be broken into sub-objectives as follows:

e To assess the performance of a pilot hybrid biological
process in treating organic matter and its nutrient
removal efficiency from industrial and petrochemical
(refinery or other industry) wastewater

e To find the appropriate sequence or integration scenarios
of the hybrid biological reactor in the various treatment
schemes currently in use in order to recommend
integrating the process into existing and future industrial
wastewater treatment plants

e To estimate the costs of the hybrid biological treatment
process and the costs of integration in treatment plants
or direct use in the petrochemical industry.

Il. EXPERIMENTAL METHODS

The reactors were run using industrial wastewater from
Al-Wafra industrial wastewater treatment plant in Kuwait.

232

The wastewater concentration varied daily and, therefore,
daily analysis of parameters was necessary.

The experiments tested four sets of wastewater (raw,
primary treated, aerated, and aerated-and-clarified
wastewater). The samples were collected from the inlet to the
hybrid biological reactor and after the hybrid biological
reactor. The monitoring of and biological characterization of
the biofilm has been done using a microscope.

The wastewater samples were analyzed at for temperature,
pH, DO, TOC, and biomass (VSS). Analysis was conducted
using standard procedures as outlined in the Standard
Methods for Water and Wastewater Examination [6].

The experiments took into consideration the sequence of
the hybrid reactor in the treatment scheme, its efficiency,
economic costs, and the overall improvement in the industrial
wastewater treatment plant performance. The testing of the
integration scenarios was conducted in a pilot hybrid
biological reactor using real samples from the various stages
of treatment at an industrial wastewater treatment plant in
Kuwait. The treatment sequences applied are shown in Table
.

TABLE I: EXPERIMENTAL DESIGN, EXPERIMENTAL CONDITIONS, AND
NUMBER OF SAMPLES

Source of wastewater sample

Aerated wastewater Aerated and Raw from

Effluent sample clarified industry

Primary treated

Loading rate Loading rate Loading rate Loading rate

High Low High Low High Low | High | Low

Aerobic X X X X X X X X
low air

supply

Aerobic
low air
supply

x
<
x
>
<
x
<
x

Anaerobic

>
<
>
b3
<
b3
<
>

Reference | Two experiments representing best aerobic scenario and best anaerobic scenario

using municipal wastewater

I11. RESULTS AND DISCUSSION

A. Priming the Reactor and Biofilm Characterization

The first step in readying the hybrid reactors was to prime
the using industrial wastewater from Al-Wafra industrial
wastewater treatment plant aeration tank. The priming period
lasted a month after which the biofilm was characterized
using microscopic and VSS analysis.

The VSS content of the packing material was estimated to
be 725.0 and 327.5 g/m® for the aerobic and anerobic
conditions respectively. This indicates that, for packing
density of 50kg/m? and packing surface area 148 m?/m?, the
corresponding biofilm thickness is 12.2 and 5.5 um for the
aerobic and anerobic conditions, respectively. Initial values
for biofilm thickness were observed to be in the order of 1 um
as reported by Chang et al. [2]. Therefore the obtained values
in our reactor were satisfactory. Under these conditions the
attached biomass ratio was typically 70%.

The microscopic analysis shows that a good biofilm
coverage was obtained as depicted in Fig. 1 and the biofilm
uniformity is remarkable as well as shown in Fig. 2. This
performance has been reported earlier by Ahmed et al. [7],

8].
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Fig. 1. 10x microscopic photo of the biofilm on the Random Packing
support.

Fig. 2. 3x microscopic photo of the biofilm on the Random Packing support.
Bright yellow is the support and orange is the biofilm.

Isolates identified to include mainly Pseudomonas bacteria
including eruginosa, putida, mendocina, and aeruginosa.
These Pseudomonas isolates usually perform well in
degrading oil based organics.

B. Assessment of the Process Performance under
Different Scenarios

As the wastewater composition fluctuates continuously
(increasing and decreasing), the performance of the process
was not assessed in terms of its effluent to influent
concentrations, rather it was assessed using the normalized
TOC cumulative removal rates as shown in Fig. 3-6. The
experimental conditions for the aerobic conditions are set
initially as low air at 2.0 mg/l, high air at 4.0 mg/I, low flow at
240 ml/min, and high flow at 400 ml/min. for the anaerobic
conditions no air was supplied and the reactor was covered.
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Fig. 4. Normalized TOC Cumulative Removal Rates under Different
Experimental Conditions for Primary Treated Industrial Wastewater. 11: low
flow low air; Ih: low flow high air; hl: high flow low air; hh: high flow high
air; la: low flow anaerobic; ha: high flow anaerobic.
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Fig. 3. Normalized TOC cumulative removal rates under different
experimental conditions for raw industrial wastewater. II: low flow low air;
Ih: low flow high air; hl: high flow low air; hh: high flow high air; la: low
flow anaerobic; ha: high flow anaerobic.
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Fig. 5. Normalized TOC cumulative removal rates under different
experimental conditions for secondary treated industrial wastewater. Il: low
flow low air; Ih: low flow high air; hl: high flow low air; hh: high flow high
air; la: low flow anaerobic; ha: high flow anaerobic.
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Fig. 6. Normalized TOC cumulative removal rates under different
experimental conditions for effluent industrial wastewater. 1I: low flow low
air; Ih: low flow high air; hl: high flow low air; hh: high flow high air; la: low
flow anaerobic; ha: high flow anaerobic.

As can be seen from Fig. 4-7 the process could perform
well in removing the organics as designed. The best scenario
for the raw wastewater is the high flow and low air (Fig. 3),
for the primary treated wastewater it is the high flow
anaerobic (Fig. 4), for the secondary treated wastewater it is
the high flow low air (Fig. 5), and for the effluent wastewater
it is the high flow anaerobic (Fig. 6).

A pattern can be seen in the treatment of raw and
secondary wastewater as they have the same best scenario (hl)
and the primary treated and effluent wastewater have the
same scenario (ha). This could be attributed to the low
organic content of the effluent wastewater resulting in a low
food to microorganisms ratio and to the high salinity/acidity
the primary treated wastewater after the chemical treatment



International Journal of Environmental Science and Development, Vol. 10, No. 8, August 2019

7]. The primary treated wastewater is also depleted from
microorganisms and may cause inhibitory effects on the pilot
hybrid reactor.

C. Identification of Best Operation and Integration
Scenarios for Aerobic and Anaerobic Conditions

From the results of section 2 above, it is clear that the best
operating aerobic scenario a is the high flow low air and the
best operating anaerobic scenario is the high flow anaerobic
as can be seen from Fig. 3-6.

The question for the aerobic scenario is whether to use it
for raw wastewater or for secondary treated wastewater or for
both. To answer this question we have to recall the use of
rotating biological contactors, membrane bioreactors,
trickling filters has always been as a supplement or a
replacement to the activated sludge process [9]. And
therefore we will adopt the tertiary treatment option (that is to
use the hybrid biological reactor for secondary treated
wastewater) as a best aerobic scenario. In addition, there are
some drawbacks for the use of the hybrid biological reactor
for raw wastewater including the excessive sludge and the
frequent need for cleaning.

For the anaerobic scenario it is a good idea to use it for
primary treated or effluent wastewater. However, since we
will be using the hybrid reactor as aerobic tertiary treatment it
is advisable to use the anaerobic scenario as a supplement or a
replacement of the primary treated wastewater. This choice
takes into consideration the high removal rates achieved
using the anaerobic scenario for effluent as opposed to the
primary treated wastewater.

In summary the best anaerobic scenario is (ha) for primary
treated wastewater and the best aerobic scenario is the (hl)
scenario for secondary treated wastewater.

The results in Fig. 3-6 revealed that improved efficiency of
the first best sequence (hybrid-to-ASP anaerobic) process for
TOC removal of 11-17% and 19-26% for the second
sequence (ASP-to-hybrid aerobic) combination depending on
the operating conditions. These results clearly reflect the
unfavorable conditions for biodegradation after the primary
chemical treatment at Al-Wafra plant.

In terms of nitrification/denitrification, the process
(ASP-to-hybrid aerobic) met the ammonia and total nitrogen
Kuwait standards for irrigation water of 15 and 35,
respectively.

IV. COSTING OF THE PROCESS

Cost estimation is an important consideration for the
development and evaluation of wastewater treatment
alternatives.

Wastewater treatment costs can be basically divided into
two categories: capital costs and operation and maintenance
costs. Capital costs are incurred during plant construction,
while operation and maintenance costs are those necessary to
operate and provide upkeep for the plant following
construction. Cost estimates can be made from data reported
for similar size plants with similar wastewater and treatment
characteristics [10]. In this project, one hybrid pilot reactor
cost estimates are listed in Table Il for both the pilot capital
and operational items.

Wastewater treatment costs can be basically divided into
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two categories, namely, capital costs and operation and
maintenance costs. Capital costs are incurred during plant
construction; while operation and maintenance costs are
those necessary to operate and provide upkeeping for the
plant following construction. Cost estimates can be made
from data reported for similar size plants with similar
wastewater and treatment characteristics [10]. In this project,
one hybrid pilot reactor cost estimates are listed in Table Il
for both the pilot capital and operational items.

TABLE Il: PROCESS COMPONENTS AND COSTS

Cost Class Items Number of Price per Total
units unit (KD) (KD)
Capital

Hybrid reactor tank 1 150 150
Pumps 2 270 540
Air compressors 1 300 300
Random packing 1m3 79 79
Air distribution system 1 15 15
Clarifier tank 1 52 52
Chlorine mixing 1 135 135
Total 1271

Operational
Sludge Cleaning and maintenance 10 days run 16 16
Electrical supply 10 days run 5 5
Disinfection chemicals 10 days run 16 16
labor 10 days run 75 75

Total 112

To scale this system up and to estimate the cost per
construction of a cubic meter at a wastewater treatment plant
scale, we use equation (1).

cP=C'Qr/Q'T" @)

where, C? = Total cost of full scale; C' = Total annualized cost
of laboratory system; QP = Capacity of pilot system; Q' =
Capacity of laboratory system; and n Parameter
representing economies of scale. The C', Q°, Q' values KD
1,271, 1 m* 0.6 m®. 1/n are to be taken as 0.25. On the basis
of capital cost, the cost per cubic meter for a pilot system
could be inthe range of KD 1,445. This cost is indicative only,
and actual pilot costs depend on market and the actual design.

To summarize, in the range of efficiencies achieved, the
process economic benefits focused mainly on reduced
chemical use, reduced sludge recycling, and improved
effluent quality which could be reused in agriculture. For the
ASP-hybrid combination it could save up to 45% of the
operating costs of the plant as compared to a preliminary
chemical treatment and a larger size ASP process at the plant.

V. CONCLUSIONS

Results revealed that stable biomass have developed on the
support media of the hybrid biological reactor with attached
to suspended biomass ratio exceeding 70% and improved
efficiency of the first sequence (hybrid-to-ASP) process for
TOC removal of 11-17% and 19-26% for the second
sequence (ASP-to-hybrid) combination depending on the
operating conditions.

In the range of efficiencies achieved, the process economic
benefits focused mainly on reduced chemical use, reduced
sludge recycling, and improved effluent quality which could
be reused in agriculture. For the ASP-hybrid combination it
may save up to 45% of the operating costs as compared to a
larger size ASP process at the plant.
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