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ABSTRACT

A conceptualised biofiltration system has been designed for treating organic and inorganic volatile compounds
generated from refinery wastewater. The biofiltration system is consisting VOC collection and treatment sub-
systems. Air emission rate of fourteen volatile organic compounds and two inorganic volatile compounds (NH;
& H,S) have been estimated by WATER9 software. VOC collection sub-system is consisted systematic volatile
vapor collection from each ETP unit, mixing with air for dilution, transfer to biofiltration section. The hybrid
biofiltration system are consisting of two numbers biofilters having 50% treatment capacity (flow rate: 6800
Nm® h™ and volatile concentration: 33.5 kg h™). Inlet loading rate (ILR) and inlet concentration of contaminant
for biofiltration are kept as 300 g m™ h™ and 5 g m™ respectively. Automatic control of overall system and vital
parameters has been considered. In our previous experiment VOC (toluene) removal of 77-97% and
89%(average) was achieved. In this present study removal efficiency (RE) of 90% (minimum) is envisaged on

continuous basis.
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I. INTRODUCTION

Treatment of off-gas containing volatile organics generated from refinery wastewater in Effluent Treatment
Plant (ETP) is necessary to meet statutory norm and environmental requirement. For a typical refinery ETP, the
VOC removal system consisted of VOC collection system and VOC treatment system. In addition to the VOCs,
inorganics like NHs, H,S, mercaptans, amines are also constituents of off-gas generated in ETP. Removal of
VOCs through granular activated carbon bed is popularly used in refinery across India. In this paper, a
conceptualized design has been presented for VOC collection and treatment by biofiltration method. Though
biofiltration was first came into picture many decades ago in Europe and numerous plants based on biofiltration
are in operation in Europe, US, Japan, it is still a new area in India. Most of the biofilters are installed for
treating off-gases for sewage water treatments plants, composting plants, livestock/ poultry industries. Most
biofilters constructed till date are open, huge and using mostly compost as media. In open compost based

biofilter, inlet loading rate and inlet contaminant concentration are less which result in requirement of high
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surface area and less process control. However, since 1990s, many researchers have carried out thorough
research on biofiltration and presented scientific data on its efficiency, elimination capacity with different
volatile components and conditions. The same helped further in development of closed and more efficient
biofilters. The main benefit of biofiltration over the other VOC abatement processes is that it is environmentally
safe and cost effective. Presently, there are many companies and institutes which are designing tailor made
biofiltration systems for a particular application. However, the operating data and design parameters used for
industrial biofilter design particularly in Refinery sector are not available for reference. Abatement of VOCs in

refinery ETP is a comparatively new guideline, which require for 90% of volatiles and odor removal [1].

I1. CONCEPTUALIZED VOC TREATMENT SYSTEM

The conceptualized VOC treatment system presented in this paper is designed based on the following pathways:
(1) Estimation of volatiles, (2) Design of VOC collection system, (3) Removal of off-gas by biofiltration, (4)
Venting of treated gas to atmosphere.

2.1 Estimation of volatiles

Before treatment of VOCs, identification of volatile compounds and their quantification is necessary. There are
hundreds of components that can be constituent of refinery wastewater and volatilized. Some inorganic
compounds like NHs;, H,S, mercaptans, amines are also found in the wastewater. Among the numerous
components, the following twelve numbers volatile organic components are very common in refinery
wastewater: Benzene, Biphenyl, 1,3-Butadiene, Cresols, Cumene (Iso Propyle Benzene), Ethylbenzene, n-
Hexane, Methyl tertiary-butyl ether, Naphthalene, Phenol, Styrene (Ethenylbenzene), Toluene, 2,2,4-
Trimethylpentane, Xylene [2][3]. Among the inorganics NHj;, H,S are mostly volatilized and need to treated
along with the VOCs. Now for quantification of volatiles generated in Refinery ETP, there are 3 approaches: (1)
Directly measure volatile concentration in ETP, (2) Measure volatile component concentration in wastewater
and then estimate concentration in air, (3) Assume volatile compound concentration in wastewater and then
estimate volatile concentration in air. For an operational ETP, the measurement of concentration in wastewater
or air can be done, but for designing a new grassroot ETP, the wastewater component can only be assumed
based on previous refinery data or literatures. Concentration of volatile compounds are estimated by WATER9
software developed by USEPA among other softwares and is very popularly used to estimate volatile emission
rate [3][4]. In this paper, approach no. (3) has been adopted for quantification of VOCs and inorganics (NHs,
H,S) which is a general approach for designing a new plant. It may be noted that, due to the different
configuration of refinery process units both in terms of feed and product configurations worldwide, the
wastewater produced are different and so are the constituent volatiles. The oily wastewater collection and
routing system of system in refinery also plays a vital role on quantity of VOCs as many volatiles can be lost to
atmosphere due to leakage or open collection system. In our previous study, we estimated VOC concentration
for a 12 MMTPA refinery [3]. In present study, we have freshly estimated emission rate of NH; and H,S. A
flow diagram of a typical ETP emitting VOCs which is output of WATER9 software is shown in Fig. 1. The
total air emission of the volatiles (including organics and non-organics) estimated as 67.1 kg h™ using WATER9

software. The following assumptions have been made: (1) no volatiles loss during collection and routing to ETP
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and (2) no VOC emission from biological section (after oil removal section) of ETP. Concentration of individual
volatile components in air has been shown in Table 1. While the concentration of organic volatiles has been
taken from established literatures, the wastewater concentrations of NH; and H,S which are most prevalent
inorganic volatiles have been assumed.

Table 1: Emission rate of individual volatiles for a typical refinery ETP
Organic Volai'le

Inorganic

\Volatile -
Inlet Conc. in
wastewate‘ 16.70| 0.57 |0.01|4.18(6.18|14.70| 58.45 | 9.69 | 4.84 | 3.01 | 9.69 | 55.11 | 32.90 {60.12| 20 | 20

(PPMw)
Emission Rate

Benzene
Biphenyl
1,3-Butadiene
Cresols
Cumene
Ethylbenzene
n-Hexane
MTBE
Naphthalene
Phenol
Styrene
Toluene
2,2,4-
Trimethylpentane
Xylene

NH;
H,S

5151 0 0| O |058]221|20.38|0.15| 0.04 |0.01|1.16| 1350 | 9.54 | 0.42 |6.98|6.98

(kg h™)
Total Emission
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Fig. 1: Off-gas Emission block diagram [3]

2.2 Design of VOC collection system

For collection and routing of volatiles to the removal system, a well planned VOC collection network needs to
be designed. Induced draft (ID) fans have been provided to transfer volatile vapors alongwith the dilution air to
the biofiltration system. As the biofiltration system is effective for lower inlet volatile concentration, additional
air dilution is needed. Total dilution air supplied is more than 13 times the amount of volatile vapor. Air dilution
is also needed to keep VOC mixture below Lower Explosive Limit (LEL). The combined air flow rate was
13600 Nm?® h™ and due the higher volumetric flow rate the VOC treatment is envisaged in two parallel biofilters
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simultaneously. Exact sizes and length of VOC collection lines depends on the actual layout and placement of
ETP units. VOC vapor generated are dependent on the wastewater flow rate, its concentration in liquid phase,
temperature, pressure, vapor space in the units and vacuum pressure head of ID fans. A schematic diagram of
VOC collection and treatment system is shown in Fig. 2. The following instrumentation is also envisaged:
Flame arrestors on all individual collection lines from unit, one LEL detector on each header line, one number
on the inlet line to biofilter, one number temperature indicator, hydrocarbon (HC) detector, flow meter on the

inlet line of biofilters, pressure indicators on branch lines, header lines, fan discharge lines.
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Fig. 2: VOC collection system and treatment through a hybrid biofiltration system

2.3 Removal of off-gas by Biofiltration

Biofiltration can remove VOCs and inorganic contaminants effectively. The removal efficiency in a biofilter
generally more than 90% and up to 99% provided suitable conditions for microbial sustainability have been
taken care of [5][6][7]. Selection of biofiltration process is necessary which is dependent on the property of
contaminants and their concentration. Biofilter can also take load fluctuations and adapt itself to new
environmental conditions. For effective biofiltration the compounds to be biofiltered should have some water
solubility and can be biodegradable. The sixteen volatile components mentioned in Table 1 qualify these
criteria. There are mainly 3 types of biofiltration methods: (1) Biofilter, (2) Biotrickling filter, (3) Bioscrubber.
Detailed literature study and data have been provided in our earlier paper [5]. In this study we have designed a

hybrid bioreactor combining the above three categories which involve: pre-humidification, periodically nutrient
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and water addition, vertical step-wise biodegradation, collection and routing of leachate to biological reactor in
ETP. Before entering to biofilter, VOC stream has been humidified. Differential pressure indicator has been
provided for each biofilter to measure the pressure head loss in the filter media. Nutrient solution dosing has
been provided periodically for keeping bed humid and supplying nutrients. Nutrient solution dosing shall be
provided based on N:P:K requirement of microorganisms. The leachate collected will be recycled back to
nutrient dosing tank or sent to biological unit (activated sludge process) in ETP.

2.3.1 Design Parameters

The design parameters considered for designing the VOC collection system and biofiltration system for a typical
refinery ETP having inlet wastewater flow rate of 350 m® h™ is presented in Table 2. Design parameters of
biofilters considered by other researchers have also been provided for comparison purpose.

Table 2: Design Parameters for VOC collection and biofiltration system

Design Parameter Value Literature Reference Value

Considered for

Design (for each
biofilter)

Inlet Parameters

Volumetric Flow rate, Q (Nm>h™) 6800 10-300000 m3/h [8]
<14000 cfm [9]
<100000 scfm [10]
20000-100000 scfm [11]

Inlet Concentration of combined volatiles, 5 4 (Ethylbenzene); 4 (Xylene) [12]
Cqi(gm?) 0.2-1.7 [13]

3 (max.) (toluene) [14]

0.1-4.0 (toluene) [15]

Empty Bed Retention Time, EBRT (s) 60 1.18-4.71 m [12]
X 3600 i
EERT = Q,— 1.13-2.81 m [16]
e 0.41-2.45 m [13]
0.7-2.9 m [14]

30-144 s [17]
30-120 s [18]

25-60 s [11]
Inlet Loading Rate, ILR (g m~°h™) 300 25-408 [12]
IR = QA Cy 158 (benzene) [19]
Vin 151.1 (max.) [13]
289.8 (max.) [14]
8.1-1051.3 [17]
Volume of Media bed, V,, (m°) 113.3 -
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Type of Bed

Plastic structured

packing

Polyurethane foam [16]
Compost and Ceramic beads [20]
Compost and PVC [18]

Height of Media bed, H,, (m)

100 cm [12]
0.5-1.5m[11]

Temperature (deg. C)

Ambient

25.1-29.4 [12]
22-25 [21]

30 [19]

20-22 [22]
24-44 [16]
15-45 [11]

Operating Pressure, P (mm H,0)

1000

Pressure drop: 2.7 cm H,0/m [21]
Pressure drop: 3.5-7 cm of H,O/m of
bed ht [23]

45.8-76.3 Pa [16]

pH

6.0-7.5

Neutral [22]
7.2-8.8 [16]
4.9-7 [17]

Inlet air mixture Relative Humidity, RH
(%)

> 45

Moisture content of filter medium: 50-
70% [22]

30->95% RH [17]

60-65% water content in bed [18]
90-100% RH [11]

Outlet Parameters

Removal Efficiency, RE (%)

C,—C
sz%xmn

gi
Where, Cy is outlet concentration of

combined volatiles, (g m™).

>90

89% (Ethylbenzene); 78% (Xylene)
[12]

90% [21]

95% (avg.) (benzene) [19]
68.2-99.9% (toluene) [16]

>90 [13]

96.1(max.) [14]

>97 (max) [17]

96 [20]

~ 100 [18]

Elimination Capacity, EC (g m~h?)

>270

91.2 [23]
10.85-90.48 [16]
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2.4 Venting of treated gas to Atmosphere

The treated off-gas will be disposed off to atmosphere. Flame lonization Detector (FID) based Hydrocarbon
(HC) analyzer (or detector) are installed before discharging for continuous monitoring and to make sure 90%
removal of VOCs and odor. Stack of adequate height shall be provided. The following instrumentation is also
envisaged: one number temperature indicator, hydrocarbon (HC) detector, flow meter on the inlet line of

biofilters, pressure indicators on outlet branch and main discharge lines.

I1l. ANALYSIS OF VOC TREATMENT SYSTEM
3.1 Safety Concerns

Any new plant is required to be safe both environmentally and operationally. In this system, adequate dilution
has been provided for keeping volatiles concentration much below LEL of the most volatile component. Flame
arresters have been provided adequately to arrest any spark/ flame in the upstream. Isolation valves shall be
provided to isolate each and every individual units of this system. Suction side of ID fans i.e. the VOC
collection and routing section is on negative pressure and the discharge side of ID fans i.e. biofilters and venting
sections are on positive pressure. Hence one pressure vacuum safety valve will be installed on each of the
biofilter. CO analyzer on biofilter outlet header line before discharging to atmosphere measures CO level in the
treated air line. Adequate sampling ports shall be provided for measurement of gaseous components at inlet and
outlet of biofilter. Measurement of collected samples shall be done by a Gas Chromatograph.

3.2 Operation of the System

The amount of VOC generation depends on the type of wastewater generated. Wastewater generation is not
consistent due to some major intermittent effluent streams like draining of crude tanks, slop tanks. Hence the
generation of VOCs and odors are not consistent. Hence, the biofiltration system needs to be designed to operate
round the year and with turn-down capacity. For automatic control of the plant and data record, Programmable
Logic Control (PLC) system has been considered. During operation & maintenance the following should be
monitored: moisture content of the filter bed, volatile inlet and outlet concentration, off-gas temperature,
pressure drop, humidity, inlet and outlet flowrate, checking if the inlet and outlet pipes of biofilters are clog-
free.

3.3 Validation of Conceptualized System

There are numerous of biofilter plants installed worldover for treating a variety of organic and inorganic volatile
vapor streams. Removal efficiencies for the most applications are 85%-95% for water soluble and biodegradable
contaminants [11]. While designing the biofiltration system environmental parameters like temperature,
humidity, nutrient needs to be optimized for adaptability of native microorganisms. Automatic control has been
provided for better control of the vital parameters. The acclimatization period for microorganisms varies from

weeks to months. In our recent study [20], the acclimatization period recorded as 20 days in a toluene biofilter.
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The RE during that period was recorded as 73% (average) though not consistent. Most laboratory experiments
on biofiltration are done with organic or indigenous material as media. However, for industrial application
plastic media is most suited because it is long lasting and does not get compacted easily. While designing
biofiltration, peak load has been considered for designing and total volatiles load has been distributed into two
equal streams for treating in two biofilters of equal capacity (6800 Nm?® h™'). When the load is less then only one
biofilter can be used or both can be alternately put in service. ILR and Inlet concentration considered in this
system are on the higher side to meet desired RE. For EBRT of 60 s, media height has been considered as 2 m.
We recorded VOC (toluene) removal of 77-97% and 89%(average) in our recent study over a continuous run
period of 22 days. However, as the biofiltration is a live process and entirely depends on the microorganisms to
degrade contaminants, getting removal efficiency of more than 90% on continuous basis can be tough.

3.4 Advantages and Draw Back of System

The advantages and drawbacks of biofiltration system over the activated carbon adsorption process are given in
Table 3.

Table 3: Advantages and drawbacks of biofiltration system over the activated carbon

adsorption process

Advantages of system

Drawbacks of system

a) Biofiltration directly biodegrade the hazardous
volatile vapor and produce non-harmful products
whereas in activated carbon process, during
regeneration, the adsorbed VOCs again emitted to
atmosphere.

b) Replacement of media is not frequent.

c) Cost for this system in long run can be lower than
the activated carbon adsorption process.

d) ILR of inlet VOCs can be increased when the inlet
VOC concentration is less and hence less operating

cost.

a) During start-up of the plant the efficiency of
biofilter might be low because of the acclimatization
time required by the microorganisms to sustain and
adapt.

b) For varying component or load biofilter might not
give the required efficiency though it can adapt to
changing scenario very quickly.

c) It requires a larger foot print than the adsorption by
activated carbon process because of larger ILR

requirement.

3.5 Costing

Popularity and development of any new technology in industry very much depends on its economic viability. A
preliminary cost analysis (capital cost and operating cost) has been carried out for this conceptualized
biofiltration system (VOC collection and treatment) done for both this conceptualized biofiltration system. It is
to be noted that the cost of system depends on its configuration, location and it may vary when different makes
of items with same specifications are used. The capital cost and operating of this biofiltration system are
estimated (+ 30%) as INR 4408 per Nm® h™* and INR 300 per Nm?® h respectively.
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V. CONCLUSION

The conceptual design for collection and treatment of multicomponent VOCs have been studied along with
design parameters. Comparison of biofiltration with adsorption by activated carbon process has also been
studied. Costing analysis has also been carried out to check the economic feasibility of the conceptualized
system. Though biodegradation of liquid wastewater is very popular in India, biodegradation of air contaminant
is not. As most Indian refineries are in moderate climate zones which arevery much suitable for microbial
sustainability, biofiltration will be a success. Like activated carbon filters, there is no need of media replacement
and no chance of VOCs going back to the atmosphere during regeneration of carbon bed. However, it may be
noted that biofiltration system is not a plug and play operation. Before installation at the site proper study of
VOC generation and constituents are needed and environmental parameters like humidity, temperature, nutrient
dosing shall be carefully considered. Proper acclimatization preferably with native microorganisms is required.
The ILR and inlet concentration of VOCs need to be optimized for minimizing foot print area. This new “green”
technology in Indian refineries can change the popular usage of adsorption method of VOC removal. In
biofiltration technology, there are always scopes for improvement and up-gradation. In addition of plastic media
which has been considered in this study, a layer of activated carbon may be provided which could help absorb

the VOCs during the initial start-up or acclimatization period and help for speedier acclimatization.
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