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CHAPTER I

INTRODUCTION

1.1 Motivations

Nowadays, the demand in energy .and fuel are increasing that make
petrochemical industry is the main business in Thailand but it consumes more natural
resource and has output informaof wastewater, hazardous waste and air pollution that
make more pollution to enVirenment. Petrochemical industry also has the problem in
wastewater treatment psocess /because. petrochemical wastewater contains high

content of COD and oil. :

Petrochemical is‘usually confmed Ito products that are derived from petroleum
and natural gas and are made on a 1arge sca],e ‘The petrochemical industry is a part of
the chemical industry, and quite distinct fro;ndrgfmmg, except in so far as it uses some
products of refining as raw matenal% The petrochem1cal industry’s main business is
chemicals. Petrochemlcal wastewater is characterlzed with high content of COD and
oil wastewater from petrochemical product ion process contains COD and oil of 6,032
mg/L and 132.5 mg/L, respectively. Generally, petrochemical industry employs
Dissolved Air Floatation' (DAF) followed by activated sludge process to treat their
wastewater. Howevyer, oil removal-efficiency of DAF is in range of 9.69- 57.71 %
wastewater after'treated by Dissolved Air Floatation still contained high COD & oil
content, However,inost of previous works on petrochemical weid mainly focused on
technicaliprocesses of the production, while its environmental management aspect has
been usually neglected (Chavalparit et al., 2007).

Electrocoagolation process is the alternative option that can apply in
petrochemical wastewater treatment process. This technique is a process consisting of
creating a floc of metallic hydroxides within the effluent to be treated by

electrodissolution of soluble anode. The coagulant are mentioned by dissolution of

sacrificial anode, electrolytic reaction at electrode surface, formation of coagulants by



electrolytic oxidation in aqueous phase and adsorption of colloidal particles on

coagulant and removal by sedimentation or flotation to removal COD and oil from

wastewater. In addition this technique provides some advantages: simple equipment

and easy operation (Ivonne et al., 2008).

1.2 Objectives

In the present study, the objectives arc:

To determine optimal-operating conditions-for removal of oil and chemical
oxygen demand _(COD) . from petrochemical wastewater using
electrocoagulation (BEC)process. \

To study the ‘effects of pH, current density and retention time on removal

efficiencies of G&OQrand COD fro;h p_etrochemical wastewater.

1.3 Hypothesis

)
I

: =7l
Electrocoagulation process can be used as a primary treatment system to

remove oil and COD from petrochemical wastewater.
The operatin'gr ¢ondition such as pH, current density and retention time can be
effect on removal efficiencies of G&O and COD from petrochemical

wastewater.

1.4 Scopes of the research

This study was conducted at' Department of Environment Engineering, Faculty

of Engineering, Chulalongkorn University.

Test wastewater was collected from the petrochemical industry located in
Mabtaput industrial estate.

Electrocoagulation experiments were conducted using a 1-L. monopolar batch
reactor.

The materials of electrodes in this experiment are aluminum and graphite.



e The levels of current density, retention time period and initial pH levels were
varied as follows:
- Current density: 5.11, 8.42,9.12, 10.93 and 12.13 mA/cm?
- Retention time: 10, 15, 20, 25, 30 and 40 min.

- Initial pH of wastewater: 4, 6 and 9.
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CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Electrocoagulation Process

2.1.1 Principle of electrocoagulation process

Electrocoagulation process is a ﬂrocess consisting of creating a floc of metallic
hydroxides within the effluéntto be treated by electrodissolution of soluble anode.

The coagulant atefentioned by dissolution of sacrificial anode, electrolytic
reaction at electrode sucfaces formation of coagulants by electrolytic oxidation in
aqueous phase and adsorption of colloiaal,_.panicles on coagulant and removal by
sedimentation or flotatien to removal CO]i_and oil from wastewater.

The electrochemigal feactions wit-,iljveal'éctrode metals can be summarized as
follows: | J: > A
Reduction Reaction that occurs at a cathode

-

a0x; ™% né - » cRed; (2-1)
Oxidation Reaction that occurs at an anode 7
bRed, —»  dOxy,+ ne (2-2)

DC power 'supply

e |

|| e

Cathode | 5 | © M <« Anode

—»
(=]

Electrolyte

Figure 2.1 The electrochemical reactions (Larue and Vorobiev, 2003)



2.1.2 Principle of electrochemical reaction
Principle of electrochemical contain with DC power supply and 2 electrodes in

electrolyte show in Figure 2.2

% ki [ :_J‘f .

When electric was produce into
.’l # o I

electrode metals (M) can be Sum: fidtized 8

rocess the electrochemical reaction with

At an anode (Oxidati (2-3)
At a cathode (Reduction): 3 Hyy+30H (24
In the solution: Mag) — M(M—l)g +3H" (2-5)

M(aq)3+ﬁidul-ﬂ‘o§, %11&] m ;ﬁzwcﬂiﬂﬂgﬁons (2-3) and (2-4),

respectively, ca?i"react to form various monomeric, species, depending on a pH range,
and thatlﬁa’;a @}@ ﬂiﬁw %d)%%{%a%rﬁg’q) anﬁ}x precipitation
kinetics.QFreshly formed amorphous M(OH); (sweep flocs) has large surface areas
that are beneficial for rapid adsorption of soluble organic compounds and trapping of
colloidal particles. Consequently, these flocs can be removed by sedimentation or by

floatation using H;, bubbles, which is produced at the cathode.



2.1.3 Control of electrochemical

1) Controlled-Potential Method or Potentiostatic Mode is the control potential
of electrode and standard electrode to be steady that makes the electricity change with
time. At the optimum potential cation in electrolyte oxidize with cathode at surface
and after that ion concentration at surface decrease, so the control potential of
electrode and standard electrode were increase that the electricity decrease to reduce
the potential steady as shown in Figure 2.3

E; is an initial voltage before the r€action and E, is a voltage at diffusion
limited rate or mass transferdimited the reductionreaction occurs with oxidizing agent
that can reduce the cation at.sutface to zero, so the reducing of ion concentration in
electrolyte can effect on_décrease eleciricity in process as shown in (b) because

electricity is directly propostional to the concentration (I=kC)

E()

E, : w
da b
T e ot (b)

Figure 2.3 (a) The relationship between potential and time with controlled-potential
method.
(b):The relationship/between electricity andtime with controlled-potential

method (Friedrich, 1962)

2) Controlled-Current Methodtor Galvanostatic' Mede or'Chrenopotentiome -
tric technique is control the concentration of electricity though electrode to be steady
that makes the electricity change with time. When control electricity though both of
electrode to be steady that make the reduction reaction occur oxidizing agent (M™")

transform to reducing agent (M) with steady rate.

M™+ne —» M



So, the potential vary with the concentration of reducing agent from the
transform of M"*/M at surface electrode and time. After that the concentration of M"*
at surface electrode decreases same with the potential at surface electrode as follow
the Nernst Equation. The Transition time (t) is the period which has the change of
potential with steady electricity this value has the relationship with concentration and

diffusion coefficient as shown in Figure 2.4

Experiment Result

i @ B T (b)

0 o= 0 ¢

Figure 2.4 (a) The relationship between:'potential and time with controlled-current
method. -
(b) The relationship between éi'!ectricity and time with controlled-current

g

method. (Friedrich, 1962)
The change 0f potentral-wath-the-oxidizing-agent ¢oncentration as shown with

Nerns’s equation

B & E!#/RENOx] (2-6)
nFo |[red]

When:
E'="the potential between anode and cathode at any condition (Volt)
E’= the standard potential between anode and cathode (Volt)
R = gas constant = 8.314 (J/mole/K)
T = temperature (K)
n = the number of electron in reaction (ion/mole)
F = Faraday’s constant = 96,500 (amp.sec/ion)
[Ox],[red] = the concentration of oxidizing and reducing agent

(mole/L)



To get highest elimination rate the ion reduction should be mass transport

control, so the equation of this rate is

-Vdc= -IL = KmnAe (2-7)
dt nF

When:

(2-8)

o B U N T WD T i s

1. mass transportation from eleetrolyte to surfacé electrode up to
CRURE Rtk It ST QR ——
transportation)

2. Surface electrode

2.1.4 Electromotive force
In electric cell has flow of electricity because the electron movement through

electric conductivity one electric cell wants energy for 1 Joule that make ion 1



coulomb (C) movement and the distance has potential 1 volt, so 1 volt equal to 1 J/C

and in electrochemical call electromotive force (emf).

Work of electricity (Wejec) = Coulomb x Volt (2-9)

But work from electric cell has electron transfer, so the number of ion in
coulomb unit up to the number of electron/insreaction that every 1 mole of electron
has 96,487 coulombs assumes in the reaciton _has electron transfer n mole this

.

equation change to

Welee,. = ) =% = nE X 96,487 (2-10)

This reaction 1s reyersible so free épe‘fgy (-AG) equal to work

AGH £ 2dSirpihd (2-11)

: . N : .
The symbol of AG has the meaning if AG is minus this reaction is spontaneous

but AG is plus this.reaction non-spontaneous for steady-state AG is zero and the

relationship as follow-eq=2=t1

Table 2.1 The symbol meaning of AG and AE

Type of reaction AG AE
Spontaneous - +

Non-spontaneous + -
Steady state 0 0

2.1.5 Electric conductivity

Electric conductivity is directly effect on electricity for wastewater treatment
and effect on ion quality from reaction as follow with 1% Faraday’s law that if high
ion quality can make enough aluminum to be metal hydroxide and has more
floatation. From Ohm’s law that the potential is equal to electricity multiply by

electric resistance as follow eq. 2-16
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V=IxR (2-16)

So;
V = electric potential (Volt)
I = electricity (Amp)

R =resistance (Ohm)

and has the relationship- '%{icity as eq. 2-17

—

(2-17)

The electric resi i ectroc emical pr is the electric resistance in

electrolyte solution an ectric conductivity in electrolyte

solution as eq. 2-18

(2-18)

I=di q;l, ‘
1c conductivity of electrolyte S(mtlon (Ohm)

ﬁ'ﬁfﬁfﬁ% YA A

2.1.6 Ion exchange and ionimovement

R C b A S PRI B v

ampere Unit (Amp) the number of electricity though surface area cans measure in

current intensity (I) by conductivity as

I = oFE (2-19)

Efr = I/'oc = V/Ro (2-20)
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So;
0 = electric conductivity (M/cm)
V = the potential between two place (Volt)

R = the resistance between two place (Ohm)

I = electricity (Amp)

ss though electrolyte solution for

mole of Al/ion

=2698/3 = 9 g

mol =

olved electrode in electrolyte

2-21)

ﬂﬂﬂ’)ﬂﬂﬂ‘iﬂﬂ’]ﬂ‘ﬁ
QWﬂﬁﬁﬂW&Iﬂﬁ%}ﬂeﬁlﬂaﬂ

the electricity in experimental

M = weight of anode electrode
t = time (min)
Z = number of electron in redox reaction

F = Faraday’s constant = 96,487
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The mass from Faraday’s law is the mass from theory that means all electricity
were used to reduction reaction but in experiment all electricity weren’t used in all
reaction because some electricity lost, such as the hydrolysis at cathode.

The efficiency = Mass from experiment (2-22)

Mass from theory

2.1.8 Effect on electrocoagulation efficiency

1) pH: The effect of pH on the removal efficiency of oil and COD, it was
varied between 4 and 9, the pH increase to hydrogen evolution at cathodes. However
this increase in pH by release.of €O, from wastewater owing bubbles. In addition, the
chemical dissolution of aluminum will consume H* and gives rise to the pH increase
also the removal efficiencyof eiland CCjD.I.as a function of initial pH.

2).Voltage: is ascritical parameter:;ﬂ as it 1s the only operational parameter that
can be directly controlled, it was Jsugges’?tfacdlj that voltage determines both coagulant
dosages and bubble generation rate: -

' oy
3).Time: the removal efficiency of oii_jand COD increase according to time.

s i Ad
-

2.1.9 Control factor in electrochemical

1) The capability-of ton-movementup to-size of 1611

2) Temperatufe of electric movement is directly préportional to temperature of
solution. ' '

3) Electricity istdirectly:proportional taisurface area ofelectrode.

4) Electricity is up to the distance that ion move from electrode, such as near
distance can.increase electricity.

5) High numnberof ion‘caii ifictease electric¢movement.

6) The conductivity of solution is directly proportional to concentration of

solution.

2.1.10 Advantages of EC
1) EC is requires simple equipment and easy to operate with sufficient

operational latitude to handle most problems encountered or running.
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2) Wastewater treated by EC gives palatable, clear, colorless and odorless
water.

3) Sludge formed by EC tends to be readily settable and easy to de-water,
because it is composed of mainly metallic oxides/hydroxides. Above all, it is a low
sludge producing technique.

4) Flocs formed by EC are similar to chemical floc, except that EC floc tends
to be much larger, contains less bound water,is acid-resistant and more stable and can
be separated faster by filtration.

5) EC produces effluent with -Jess total-dissolved solids (TDS) content as
compared with chemical treatments. If this water is reused, the low TDS level
contributes to a lower watesfecovery cost.

6) The EC process has /the adyvantage of removing the smallest colloidal
particles, because thesapplied electrie ;field sets them in faster motion, thereby
facilitating the coagulation. J-

7) The EC process avoids ‘uses ofr-t:'he'micals, and so there is no problem of
neutralizing excess chemicals and“no poSSfibi_lity of secondary pollution caused by
chemical substances added at high concen%fafjlifon as when chemical coagulation of
wastewater is used. R

8) The gas bubbles produced during eiectrolysis can carry the pollutant to the
top of the solution wheére i1t can be more easily concentrated, collected and removed.

9) The electrolytic processes in the EC cell are controlled electrically with no
moving parts, thusireguiringilessmaintenance:!

10) The EC technique can be conveniently used in rural areas where electricity
is not available,.since a solar panel attached, to.the unit may be sufficient to carry out

the process.

2.1.11 Disadvantages of EC

1) The “sacrificial electrodes” are dissolved into wastewater streams as a
result of oxidation, and need to be regularly replaced.

2) The use of electricity may be expensive in many places.

3) An impermeable oxide film may be formed on the cathode leading to loss

of efficiency of the EC unit.
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4) High conductivity of the wastewater suspension is required.

5) Gelatinous hydroxide may tend to solubilize in some cases.
2.2 Petrochemical wastewater

2.2.1 Petrochemical industry

Petrochemical is usually confined to products that are derived from petroleum
and natural gas and are made on a large scalcsThepetrochemical industry is a part of
the chemical industry, and-quite distinct from refining, except in so far as it uses some
products of refining as raw _matesials.. Many companics that make petrochemicals do
not carry out oil refining, and those o1l companies which make petrochemicals tend to
have a separate organization for this part of the business. The oil industry’s main
business is fuels, with.raw materials-for éetrochemicals as an important sideline. The
petrochemical industry’ simain business is;"c‘;}ldémicals.

The petrochemicals industry consi’gf»-'df 3 categories; upstream, intermediate
stream and downstream. The upstream petf&_:_hemical industry is where petroleum gas
such as ethane and propane or Oil based pre&uéts such as naphtha are converted into
olefins (ethylene gas.and propylene gas) and 'é';iﬁd'ensates are converted into aromatics
(benzene, toluene and-xylene) via crackmg: the mtermiediate stream petrochemical
industry is where the upstream products are processed to yield intermediate stream
petrochemical products such as styrene monomer, vinyl chloride monomer, ethylene
glycol and putified jteréphthalic acid:The dewnstréam:petrochemical industry is
where intermediate petrochemical products are processed to produce downstream
petrochemical products, such as polymers.or synthetic.which.can be. applied as basic
materials for other'related industriés including ‘packing industry; electrical appliance

industry, auto parts industry, textile industry, etc.

2.2.2 Production process & Wastewater generation
- Petrochemical production process

1) Materials

e FEthane gas
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e Propane gas
e LPG gas
2) Product
The main products of process are ethylene and propylene after transfer to
continuous petrochemical industry. In addition, in this process have side products
such as, hydrogen gas, methane rich gas and fuel oil.
3) Production process
In petrochemical production process.shave main processes are Oleflexs
production process and Plastic productign process.

Oleflexs production'process

Olefins are the mame’ of unsal"]urated hydrocarbon such as, ethylene and
propylene that are initial substance in petrochemical production process. This process
starts with natural gas‘or crude oil and trﬁnsform to new products. Olefins product is
the important material in many industrics, J]. e., electronie equipment, computer, fabric,
etc. follow the demand as§how in F1gure 2 5 .

The technology in oleﬂexs productlon have 2 processes are thermal cracking
and catalyst cracking by Oleﬂex Reactor Sy_tern For thermal cracking process use

products from natural gas to reducmg size and cooling by quench water system to

decrease mechamsm‘and polymerization that is by-prodgct. After that this product
will go to charge gas c{)mpressor, chilling train and make purity by fractionators unit
to get ethylene, propylé;ne and other by-products. 7

For catalyst cracking process use to produce propylén€idone by bring propane
pass though catalyst cracking by Oleflex Reactor System in this process hydrocarbon
was crackedinto smallumit after thatigo toiReactor Effluent Cempressor Unit to get

propylene and other by-products.
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Figure 2.5 Overall of petrochemicdl industry (www.ftipc.or.th)

In this process use raw inaterial from elefin production process (also use

Ethylene and Propylene). Types of plastics depend on #aw material and production

process but the majority, of plastics are high density polyethylene (HDPE).

2.2.3 Wastewater treatment for Petrochemical wastewater

Source of wastewater

Wastewater.from petrochemical-plant,is.generated from 4 main sources:

Wastewater from'preduction process consists~of oleflexs production

process and plastic pfoduction proeess.

Domesti¢c wastewater,

Wastewater from Spent caustic is a wastewater from ethylene

production process.

Etc., such as rain water.

Wastewater treatment of industry consist of physical treatment, chemical

treatment and biological treatment




1)

2)

3)

4)

wastewater before treated by biological treatment process.

treated by biological treatment.

into waterway of Map Ta Put Industrial Estate.
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Oily Separator is treatment system that uses to separate oil from
Neutralization is the system for adjust pH of wastewater before sent to
Dissolve Air Floatation tank (DAF) and New DAF tank.

Activated Sludge in this step includes domestic wastewater that will be

Final Check is the step to measure quality of wastewater before discharge

The wastewater treatment system in petrochemical industry is show in
Figure 2.6

Contaminated

from process

A

Oil Separator

v

y

Neutralization

Dissolved Air floatation

Discharge

¥

A

Final €heck

oy

— Activated Sludge

Y

Equalization Tank

A 4

HDPE cooling Rain water

water

K

Domestic
wastewater

A

floatation

New Dissolved Air

Figure 2.6 Wastewater treatment system in petrochemical industry

2.2.4 Wastewater characteristic of petrochemical plant case study

Petrochemical wastewater is characterized with high content of COD and oil

wastewater from petrochemical product ion process contains COD and oil of 6,032

mg/L. and 132.5 mg/L, respectively. Generally, petrochemical industry employs

Dissolved Air Floatation (DAF) followed by activated sludge process to treat their

wastewater. However, oil removal efficiency of DAF is in range of 9.69- 57.71 %
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wastewater after treated by Dissolved Air Floatation still contained high COD & oil

content.

Table 2.2 Wastewater characteristic after Oil separation, DAF, New DAF and Final

check basin.

Oil & Grease
Treatment Process | SS (mg/L) | COD (mg/L) DO (mg/L)
(mg/L)
Oil Separator 120 3880 63 -
DAF(Pretreatment) 110 1818 42 -
New DAF 93 i307 28 -
Activated Sludge 20.3 12)4'9 25 -
Final Check Basin 20 78 1.4 5.67

*Average data from petrochemical 20@8:2009

2.3 Box-Behnken design

e id 44
-

The Box-Behnken design, an experiﬁ{éﬁtal‘design for response surface method,

was used to create a Set-of-designed-experimnents-by-MINITAB software, version14.

The Box-Behnken destgn was developed based on a combination of a two-level (full

of fractional) factorial design with an incomplete block design. In general, a certain

number of factoerspare put-through; allycombinations for .the factorial design in each

block, while the other factors are ‘kept at the ‘central values. In this study, the Box-

Behnken design for 3 factors, i.e, initial pH(x,), applied voltage (¥») and reaction time

(x3), involved three blocks. Im each of+three blocks two factorsiwere!varied through

the 4 possible combinations of high and low. The original factors of x;, x, and x; were

coded as given by Eq. 1

Xi=Xi—Xep

AX,'

(2-23)
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Where, X; is coded level; x,, is the original value of the centered point; and A x; is the
value of variable chages step. Table 2.3 shows the levels of original and coded factors
using Box-Benhken design. The values of the original variables were selected based

on the preliminary experimental results. Given the three main variables and three test

levels, 15 experiments were designated by MINITAB software.

RUN X3
1 S 0
2 0
3 0
4 0
5 -1
6 1
7 -1
8 1
9 -1
10 1
11 -1
12 1
13 0
14 0
15 0

aE---

Y
AR

i ° -1

Figure 2.7 The Box-Behnken design for 3 factors (Myers and Montgomery, 2002)
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2.4 Response Surface Methodology, RSM

RSM is a collection of mathematical and statistical techniques that are
beneficial for the modeling and analysis of problems in which a response of interest is
influenced by several variables to predict to targeted responses. RSM consists of an
empirical modeling technique denoted to the evaluation of relations existing between
a group of controlled experimental factors: and the observed results. RSM is an
important branch of experimental design and efitical methodology in developing new
processes, optimizing theii-performanee and improving design and formulation of
new products. The most extensive applications of RSM are in industrial research,
particularly in situations sWhere sevefal input variables influence the process
performance measure:"This‘process performance measure is called the response and
the input variables are galled independent:variables.

Figure 2.8 shows the relatio-.nship l:ggt;;veen the response surfaces yields (y) and
the two process variables (independent vat%é-bl’és) reaction temperature (x;) and
/N

pressure range (x;). The relationshipis
# J i ; ,J'!IJ

V£ F8 ) B (2-24)

¢ as a statistic-GrTor froi the experiment; often assume it E(y) = f(x1,x2) = 7

n=f(x,x,) : (2-25)

That is “Response Surface™

In this prestntationhaveithe same yield €0, producé contOurlihes of constant

response; This type of display is called a contour plot.
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endent Variable: X, that aim to predict
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variable is called Regre fficient. T T ponse surface regression
¥o0 T R PR,

analysis, experimentdl s e linear modal, linear +

ode nad atié Eodel was described as the

interaction model, square

following: ¢
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i=l j=i+l

Linear + Square model
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4 4
Y = ,Bo + Z :Bixi + Z ﬂiixiz (2-28)
i=1 i=1

Full Quadratic model

4 4
Y =4, +Zﬂi-xi+2ﬂii +Z Z'Blj Xij (2-29)
i=1 i=1

i=l j=i+l

Where, Sy, B, fii and p;; are the regression coefficients for intercept, linear, quadratic
and interaction terms, respectively; and x; and x are the independent variables. Y;
represents COD removal (¥7); G&O removal (¥5)and SS removal (Y3).
2.4.2 The fit of modal \

In previous topic show,the respoﬁfe_- surface regression modals in 4 forms how
can we know the fiwrof fhefmodal tqf‘uee for decries the relationship between
dependent variable and independeﬁt Vari;)iple, so the appropriate modal can observe
from Standard Error: SE and Coeffieient o"fﬁDetermination R’

1. Standard Error: SE if SE“has low* 1t nedps the modal is more suitable but
SE has high the modal not sultable 1f SE= Gzrsthe best modal.

2. Coefficient.of Determlnatlon R?is 01'1 for the best modal R? should close to
1 or equal 1 that meanm—nclmle_ntwlmmd dependent variable. R* (adj)
is the adjust coefficient of determination use for data 1688 than 30 that calculate from

this equation:

x(1-R?)

2
R, =d- -
(2-30)
So,
n = amount of experiment.

k = number of modal coefficient.
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2.4.3 Test for significance of Regression (f;)
The test for significance of regression is a test to determine if there is a linear
relationship between the responses variable y and a subset of regressor variables x;,

X2yeeny Xko

1. Test for significance of regression of all independent variables in one time.

The appropriate hypotheses are
Hoi gy = P = By=5.50, =0
T B-=0 ]

Rejection of Hy ins€quation implies that at least one of the regressor variables
contributes significantly o the model. F(;'r test value is F-test or p-value, if p-value
higher than the number of degree of freedoi‘h (o) that can accept Hy, it means all of
independent variable can’¢compute the m"g)dal and not effecton  dependent
variable. A = 4
2. Test for significance of _rlggressiéééf each independent variable.

The appropriate hypotheses are

H,:B.=0 7y

e
Test value is Fstest or p-value, if p-value higher thén the number of degree of
freedom (o) that can accept Hy, it means independent variable not effect to dependent
variable but p-véalue lowerthan'the namber of \degree of freedom (o) that can reject

Hy, it means independent variable can effect on dependent variable.

2.4.4 Test for Lack of fit
Response surface analysis is the test for lack of fit that the one method to test
the fit of the modal because has the same experiment in the middle, so can observe

from Sum of Square of the Residual Error: SSg.

SS, =88, +5S, (2-31)
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So;
SSpg is directly sum of square

SSior is sum of square from the lack of fit of the modal
2.5 Literature Reviews

- Mohamed et al. (2008) studied electrocoagulation process with sacrificial
aluminum anode was used to separdtc 0il from oily wastewater emulsion.
Their study aims-were evaluate the mest accurate operating parameters,
which are then used for the determination of oil removal efficiency and an
experimental design using response surface method (RSM) was applied.
They showed the electrocoagulation was very efficient and able to achieve
99% turbidity and 90% chem-:ical oxygen demand (COD) in less than 22
min and currgnt density-.of 25 rhA cm .

- Chih et al. (2009) have illustr'étédi the removal efficiency of COD in the
treatment of siniuilated” laund.i'j;"__‘yv.astewater using electrocoagulation /
electroflotation tech'nol(n)gy 1S deserJldbed The experiment results showed
that the removal efficiency rea;c‘[fh"i:ﬁ"g' to-about.62%. The performance of
monopolai connection-of -electrodes-was-beticr than that of the bipolar
connectionand the removal efficiency of usingriAl electrodes was higher in
comparison with using Fe electrodes. '

-  Mayank let) al:"(2009) presented Othe (chemical ©xygen demand (COD)
redugetion of a bio-digester effluent (BDE) in a batch electrocoagulation
(EC), reactor. using.iron electrode..A central composite (CC) experiment
design employed to evaluate'the indvaidual ‘and interactive effects of four
parameters on the COD removal efficiency. The parameters studied are
current density, initial pH, inter-electrode distance and electrolysis time.
Maximum COD and color reduction of 50.5% and 95.2%, respectively,
was observed at optimum conditions.

- Muftah et al. (2009) investigated the removal of sulfate and COD from
petroleum refinery wastewater using three types of electrodes: aluminum,

stainless steel, and iron. The effect of current density, electrode
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arrangement, electrolysis time, initial pH, and temperature for two
wastewater samples with different concentrations of COD and sulfate. The
result indicated the utilization of aluminum as, anode and cathode, was the
most efficient in the reduction of both the contaminant. Although
electrocoagulation was found to be most effective at 25°C and a pH of 8.
Srirangsan et al. (2009) determined the optimum condition for biodiesel
wastewater treatment using fam _electrocoagulation process. Tested
operational conditions included «types of electrode, current density,
retention time-and - initial “pH. “The result showed that the optimum
conditions were aehieved by using the electrodes of AL-C, applying the
current density of 8.32 mA/cm2 to the wastewater with an initial pH value
of 6 for 25'min, : .

Turba (2009) investi gated the—*effects of different operating conditions on
the removal of hexavalent chfomlum (Cr(VD)) by the electrocoagulation
with stainless /steel electrodeg_.--- The optimum conditions for complete
(100%) Cr(VI) removal vwere e.éfaeiblished as 7.4 A applied electric current,
33.6 mM electrolyte (NaCl) coneeﬂtratlon and 70 min application time.

Un et al (2009) studied the effects of eperating parameters such as pH,
current dens1ty, PAC—(poty—atumimnum chlorlde) dosages and Na,SOy
dosages or"the removal of organics and COD removal efficiency have
been investigated. The results indicated the removal efficiency of COD
incréased with the dneréasing applied current density and increasing PAC
and Na,SO, dosage and the most effective removal capacity was achieved
at.the pH 7. and the electrocoagulation is.very efficient able to achieve
98.9% 'COD removallin 90*min' at 35 mAcm=" with!a specific electrical

energy consumption of 42 kWh (kg COD removed) -



CHAPTER III

RESEARCH METHODOLOGY

Methodology:

3.1 The Research methodology Framework
This study is -aimed  to determine —optimal operating conditions for
electrocoagulation process tosrémove. 0il and COD from petrochemical wastewater.
The study comprises of 5 steps \
Step 1: The optimal conditions and effects of the operating parameters were
investigated using one' variable  at -a ti%ne experiments. These parameters are as

follows:

e First experiment: a study of inifial pH of wastewater with 3 values, i.e.,

4,6 and 9. : **f’-'j._ ‘_

e Second experiment:va study t;f?cﬁrrent density with 5 values, i.e., 5.11,
8.42,9,12,10193 and 12:13 mA/em?

e Third experiment: a study of retention time with 6 values, i.e., 10,
15,20,25,30 and 40.

Step 2: The Box-Behnken design, an experimentél design for response surface
methodology (RSM), was ‘used to ‘create a“set-of designed ¢xperiments by MINITAB
software, version 14. Results from step 1 were then used to calibrate quadratic
regression meodels,

Step 3: Gas productions was measured.

Step 4: Sludge characterization was determined for both qualitative and

quantitive methods.

Step 5: Treatment cost of the electrocoagulation system was determined.
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3.2 Materials

3.2.1 Electrocoagulation Unit
Electrocoagulation experiment was conducted in a 1-L monopolar batch

reactor and schematic diagram of the experimental setup is shown in Figure 3.1.

The reactor is connected in parallel to a digital DC Power Supply.
m (Al) as anode and graphite (C) as

1.

2. The tested electrodes “ /
otz ‘;c.r shape with an area of 50 cm?

cathode that has a fla ,\:
- ——

Gas
collection

ygi

Water
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Figure 3.4 Material and reactor
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3.3 Experiment procedure

3.3.1 The one variable at a time method

This experiment divides into 5 steps as shown in Figure 3.5. The experimental

steps are the following:

1) Wastewater used in this study was collected from the combined wastewater

2)

3)

4)

5)

sump from the wastewater treatment plant. This combined wastewater
sump receives wastewater from thesplant main processes.
Raw wastewater-was charaeterized for-pH, temperature, COD, grease &
oil (G&O), and suspended solid (SS).
The effects of sOperaiing péjrameters on the petrochemical wastewater
treatment by electrocoagulation,process was studied as follows:

e Thednitial pH of wasteWater with 3 values, i.e., 4, 6 and 9.

e The current densrty wrfh 5 values, 1.e., 5.11, 8.42, 9.12, 10.09 and

12.13 mA/em™ 5 4

e The retention tirii'e peric;’dé"as 10, 15, 20, 25, 30, 40 minutes.

The treated wastewater was testéf for pH, temperature, COD, G&O and

SS. Furthermore lost welght of fhe used electrode current density, type of

gas prod_uctlon from reaction, quantity and- _c,omponent of sludge was
determined. "

The results from the experiments were used to evaluate the optimal
conditions ‘for ‘the' petrochemical " wastewatet- tréatment process and to
estimate treatment costs such as electricity, electrodes and sludge

treatment.
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wastewater
v

Analyze characteristics
of raw wastewater

[ Collect Petrochemical }

v
{ Adjust wastewater pH

4,6,9
v
[ Study the 'optumum current density ]
J v
Study the optimum retention time periods ]
v
Analyze treated wastewater characteristics ]
- . v
[ Evaluate the oil and COD removal efficiencies ]

Figure 3.5 FiQW,_chart of the experiment.

3.3.1.1 Study the optimuin pH. Thé'vég(periment steps are as followings:
¥ #e i A

1.

Adjust initial pH of wastewater#rjélfi After that pour 1 liter of wastewater
in the electrocoagulrart'iron reactor ancf [_)lit it on the stirring plate.

Put the A€ €léctrodes and connect them wn parallel to a DC power
supply, then cover the reactor and measure gas production from the
reaction, and then turn on the stirrer. '

Turn on the DC power supply, and adjust the “eurrent density to 9.12
mA/em”.

Leet the reaction-in.eleetrocoagulation reactor tun for 30, minutes.
Collect'the gas quantity every 5 minutes.

After the experiment is ended, record the final electric current and
temperature, then turn off the DC power supply. Let the sludge float for 30
minutes before collecting the treated wastewater sample for parameter
analyses as shown in table 3.2.

Repeat the steps 1-6, but adjust initial pH to 6 and 9, respectively.

Analyze experimental results to evaluate the optimum pH that was used

for the next experiment.
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Collect petrochemical
wastewater.

v
[ Adjust wastewater pH ]

v

G oo

v

Adiust current density. 942 mA/cm?
v

The retention time 30 min.
A 4

Collect the gas quantity
|

every 5 minutes.
i
[ Let sludge float 30:min ]
Z v
Analyzc tré@tcc}l_ wastewater
charqc":[er"istics
= = .
““Bvaluate th@iftimum pH

B
it ol Bt )

Figui& 3:6-Flow-chart-of the-optimum pH-experiment.

3.3.1.2 Study the optimum current density. The experiment steps was

following

1.

Adjust 1mitial pH of wastewater at the optimum pH from the first
experiment and, pour.l liters of wastewater in electrocoagulation reactor
and put.it on the'stir plate.

Put the Al-C electrodes and connect them in parallel to a DC power
supply, then cover the reactor and measure gas production from the
reaction, and then turn on the stirrer.

Turn on the DC power supply, adjust current density to 5.11 mA/cm?.

Let the reaction in electrocoagulation reactor for 30 minutes.

Collect the gas quantity every 5 minutes.
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. After the experiment is ended, record the final electric current and
temperature, then turn off the DC power supply. Let the sludge float for 30
minutes before collecting the treated wastewater sample for parameter
analyses as shown in table 3.2.

. Repeat the steps 1-6, but adjust current density 8.42, 9.12, 10.93 and 12.13

mA/cm’, respectively

’ aluate the optimum current density that

2 ‘}fﬂ current
| A density (
LI
s pllal,
P e
10| =¥ 25
P iy 2l
Y -.f‘—: v
T TP
e o - . £, ]
3 ~ “The rétentio
|
= 1

D every 5 minutes. '

LY/ TTECTEn
ARIANN JEE I

Evaluate optimum current
densitv

Figure 3.7 Flow chart of the optimum current density experiment
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3.3.1.3 Study the optimum retention time. The experiment steps was

following

1.

Adjust initial pH of wastewater at the optimum pH from the first
experiment and pourl liters of wastewater in electrocoagulation reactor
and control current density at optimum current density (2" experiment).

Put the Al-C electrodes and connect them in parallel to a DC power

w measure gas production from the

supply, then cover t

reaction, and th

Turn on the DE power sup_ply, »eurrent density from the second

experlmerf ”
Let the reactionin el

HUB’WISWWEI’]ﬂ‘i

awwaﬁﬂmumwmaﬂ
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[ Collect petrochemical }

wastewater.
v
[ Use the optimum pH ]
v
[ Use the optimum current density ]
4 + N\
Adjust;the retention times
L (minutes) )
v . v
Liof=Fi5 19 2025 | (30 ][40 ]
v v v - v v v

Colllect the gas quantity
ievgrv S minutes.
v
[ rel Elugge float 30 min ]
T,

; ‘Analyz.e_;' treated wastewater
c_hglracteristics
7N
J 27 ]
{ Evaluate oan’n:um retention time. }

o el

Figure 3.8 Flow chart of the optimum retention time experiment.

3.3.2 Box-Behnken designexperiment

The Box-Behnken design, an experimental design for RSM, is used to create a
set of designed experiments by MINITAB, software, version 14.“In this experiment
study, initial' pH, “applied voltage and-retention time are’'designated as three main
factors. Given the three main variables and three test levels, 15 experiments were

designated by MINITAB software as shown in table 3.1.
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Table 3.1 Box-Behnken design with three factors by MINITAB software

Trial pH \Z%lctjfss Reterzﬁl(ﬁll)times
1 9.0 10 25
2 6.5 10 40
3 6.5 10 10
4 ‘ ‘ 25
5 10
6 25
7 25
8 40
9 25
10 10
11 40
12 25
13 25
14 10
15 40

3.3.2.1 The ﬁ)e
software are shown in figure 3.9 and described as follows:

1. gﬂﬂﬁwﬁﬁwﬁﬁ ﬂmﬁﬂ temperature, COD,
AP

according to table 3.1.

en design by MINITAB
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Collect petrochemical
wastewater.

v

[ Use Al-C electrode ]
v

[ Do the experiment from trial 1 to 15 ]
v
Collect the gas quantity

- ever »jj 1tes.
s TN g

Figure 3.9 FE " art l_ XP ' nent opﬁmal condition

INITAB software.

with the Box-Behnken de
. % i\

#F -

3.4 Cost estimate for petrochemica tewater treatment by

: T
electrocoagulation process e )

In this study; eos! for_the electrocoasty \_, on process includes energy

consumption, mass 1050 11cals, and sludge treatment. The

energy consumption cost is derived as the following:

SULINENINYINT
DGR 6 8

2. Cost of chemicals for adjusting pH.

3. Cost for sludge treatment



Table 3.2 Parameter and evaluate method for wastewater and sludge.
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Treated wastewater

Parameters Method Raw Always | Optimal
wastewater .
condition
1. pH pH meter / /
2. Temperature Thermometer / /
3.COD Close flux method / /
4. Grease & oil Separatory Funnel Extraction / /
(G&O) " .
5.SS Suspended Solids Dried on'103-105 “C / /
6. Electrode weight P Top g an bal: /r{ 7 / /
7. Electric current ~ "DC Power ppé /
8. Gas quantity Pehvdration _ /
9. Gas component &;} fogi r,{\ /
10. Sludge component ?/ orin In \\\ /
(L, 5 AR\

AN TUNM NN Y

AULINENINYINT




CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of the studied wastewater from the petrochemical plant

Petrochemical wastewater 1s charactetized with high contents of COD and oil
at 6,032 mg/LL and 132.5 mg/L; respe(;fively. Generally, the petrochemical industry
employs Dissolved Air Eleatauon (DAF) followed by activated sludge process for
treatment of the wastewater Aflowever, the oil removal efficiency by DAF is 9.7-

57.7 %. Thus, the treated wasiewater still contains the high contents of COD & oil.

_—

Table 4.1 Characteristics of the petfbchemicdf wastewater

Parameter ; Value

gH == 7 ._ 7.4
Chemical oxygen demand =(COD) (ﬁg/JI:) 6,032
Greaseand 01l (G&O) (mg/L.)K - 132.5

. HVSS (mg/L) - 120

4.2 The one variable at a time method

4.2.1 Effect of initial pH.
The study was'conducted by adjusting the initial pH values of the wastewater
at 4, 6 and 9. The current density and retention time were set constant at 0.91 mA/cm?

and 30 minutes, respectively. Table 4.2 presents removal efficiencies of COD, SS and

G&O.




Table 4.2 Effect of initial pH on removal efficiencies of COD, SS and G&O
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Initial Final % Removal Gas gggf:lyt Electrode | Electrodes
quantity weight cost
pH pH | cop ss G&O ) /(c??) loss (g/n’) | (Bahum)
4 7.68 | 76.4 40.0 62.0 462.5 9.02 707.2 30.0
6 7.85 | 90.3 62.5 86.3 432.5 8.32 398.9 17.0
9 9.15 | 56.3 20.0 55.0 102.5 3.71 238.9 10.0
4.2.1.1 Effluent pH 'y

Figure 4.1 shows the effluent pH. The iréated wastewater pH increased as the
initial pH values increased. The treatézl wastewater pH increased as the initial pH
values increased. In the basic zange, aluminum hydroxide ions may form negatively-
charged ions such as Al}@ﬁ;{ and A](d_H)g', which allow less effective flocculation.
Since hydroxide ions a?égluced alohgiﬁth H, bubbles at the cathode, it contributes

Q

to an increasing final p /'ih_e treated wastewater,

J_r' ddp 4
10 ——fF S f—; *
Fiaa.
9.5 — — _.
= T,
- s
9 = - Pt
T A L, ~—
=1 . - ‘:/
g 8.5 "-V, /_'-,_JL
= . =
) _Tk/’, U
7.5
7 T T T T I T 1
3 4 5 6 7 & 9 10
Initial pH

Figure 4.1 The effect of initial pH on final pH

4.2.1.2 Removal efficiencies of COD, SS and G&O

The tested wastewater was yellow and contained oil skimming at the surface.
It is known that initial pH and current density can influence the coagulant dosage rate
and bubble generation rate, which in turn affect the pollutant removal efficiencies. To

determine the effect of initial pH on the removal efficiencies of COD, G&O, and SS,
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the pH of petrochemical wastewater was adjusted with either H,SO4 or NaOH to 4, 6,
and 9. In each batch experiment, the current density and reaction time were kept
constant at 9.12 mA/cm*for 30 min. As shown in Figure 4.2, the pollutant removal
efficiencies increased as the initial pH decreased to the acidic condition. At the pH
value of 6, the highest removal efficiencies were achieved at 90.3% for COD, 86.3%
for G&O, and 62.5% for SS.

100 — e

=—4—COD
== 55
G&O

% Removed

3 4/5 . ¢] 8 9 10
P =¥/

F i Initial pﬂ:‘y:,

T ] o
Figure 4.2 The éffect of initial pH onremoval efficiencies
4 i,

For removal mechanisms of G&O and SS, Giirses et al. (2002) contributed an

increasing removal efficiency of colloidal particles in the pH range of 4-7 to the
formation of samorphous/~hydroxide; precipitates | and.<other aluminum hydroxo
complexes with;hydroxide ions and polymeric species. As inctreasing the pH to 9, the
decline of the remoyval efficiency was observed due to less formation of the reactive

flocs of aluminiumrhydroxide (Tir and'Moulai-Mostefa, 2008).

4.2.1.3 Gas Production

The gas production was measured by the water-replacement method.
At the acidic condition, the EC process produced approximately 450 ml per liter of
wastewater being treated as shown in figure 4.3. The gas production decreased as

initial pH increased. The result showed that the initial pH can affect to gas production
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because pH can effect on ions in the water and affect on oxidation-reduction process.

The pH of 4 yielded the highest gas production.

500
450  —

400 AN
350 AN
300 i \
w1

250 - N

200 -
150 -
100
50 -

Gas quantity {ml.)

Figure 4

[he f e u’ t1 \\\ s production

.

In this study, aluminum and

4.2.1.4 Electrode los
ere used as electrodes. The mass loss of

an aluminum electrode a d 9 swas 707.2, 398.9 and 238.9

g/m”’ as shown in '__—— E_—_‘
D Z
800 - -
ir. e an o~ -~ .
= PIHHIAHNINETINS
? 500'"I 7 \ N o
AN TURRIINYINY

Initial pH

Figure 4.4 The effect of initial pH on electrode loss
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4.2.1.5 Summary of the initial pH effect

The result showed that the optimum wastewater pH was 6 when maintaining
the current density and retention time of 9.12 mA/cm? and 30 minutes. The removal
efficiencies were 90.26% for COD, 62.5% for SS and 86.25% for oil. The gas
production was 432 ml per liter of wastewater being treated. The final pH was 7.85.
The mass loss of an aluminum electrode was 398.9 g per cubic of wastewater being
treated. The calculated cost of electrode used is 17.0 baht per cubic of wastewater.
Additionally, the use of graphite as a cathodé benefits less sludge production and

relatively neutral pH of theeffluent.

4.2.2 Effect of curpzent density |

The effect of applied voltage on.the electrocoagulation cell was investigated
by varying the currentsdengity from=5.1 l;*to 12.13 mA/em”. Each experimental trial
kept the initial pH at 6'and reaction tirf}_e{-of 30 min. Table 4.3 presents removal

efficiencies of COD, SS and G&O .~

Table 4.3 The effect of current density. én'f:removal efficiencies using Al-C as

.

electrodes and initial. pH 6

Current Final 90 Removal Gas Electrode | Electrodes
density quantity weight loss cost

(mA/cm?) pH T = 0 (ml.) (g/m’) (Baht/m’)
5.11 7.98 | 66.87 3947 64.59 155.0 181.3 12.0

8.42 8.00 | 93:30 55.26 67.21 275.0 181.7 23.0

9.12 8081 | 97.35 57.89 TN 43215 360.1 24.0

10.93 8.34 M 97.58 5794 74.87 5175 369.0 32.0

12.13 9.10 | 98.90 58.47 74.98 527.5 397.0 42.0

4.2.2.1 Effluent pH

Figure 4.5 shows the effluent pH as varying the current density. The treated
wastewater pH increased as the current density increased. According to Faraday’s
law, the amount of coagulant or dissolved anodic metal is theoretically and directly
proportional to the applied current to an electrolytic cell at a certain time. Thus, the
generation rate of hydroxide ion is enhanced as well, resulting in a pH rise. As the
current density increased over 9.12 mA/cm? the final pH rose greater than 8.3. As

shown previously, the basic condition is ineffective at removing colloidal particles.
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9.2

8.8 /

8.6

8.4 /

Final pH

4.2.2.2 Removal effici

N
Figure 4.6 shows O \ iciencies for COD, G&O and

SS as a function of curren ﬁ‘he’ removal effi iencies of COD, SS and G&O
were achieved at 86.87-98.9 7 % and 64.59-74.98%, respectively. A
significant increase of the removal s is observed as the current density
increased from 5. llﬁ 9.12 mK/’(;:‘:[f‘{ Iﬁ -if"'“l'.“ n?\of 9.12 to 12.13 mA/cm?,
there is a tendency, 1 a slight increase in the pel htage removal. According to
Faraday’s law, the amﬁﬁt of coag i d ahﬁlié metal is theoretically and

directly proportional to }he applied current to an electrolytic cell at a certain time.

Thus, increas ﬁrﬂ ﬂ VI ﬂﬂgﬁamount of aluminum
hydroxide flocsdor the removal of col oidal partlcles ollows:
q m’Jd c}iﬂjmm’l@q)ﬂﬂq‘ a E] (4-1)

At a cathode (Reductlon) 3H,O +3e- —» 312H; o+ 30H (4-2)
In the solution: Al (aq) "+3H,0 —> AI(OH); + 3H" 4-3)
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Figure 4.7 The effect of current density on gas production
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tion increased as applied voltage
ximately 155-527 ml per liter of

enhance the redox reaction, which
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4.2.2.4 Electrode loss

An increasing loss of the aluminum electrode with increasing the applied
voltage causes greater upwards flux. The main effect of increasing voltage is the
higher rate of anode dissolution that increases the concentration of aluminum ion in

the solution

450 : 11772
400 S /
350 _J_ Np—

300 i A L AR N

250+ & FL AL —

200 —— —15—-.—:—_'_ _1___ L W

150 -7/— e - 1l—§r 2 B W . .
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N EESE
,_Curren'tft}gnsity (mA/em2)

Electrode loss {g/m3)
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Figure 4.8 The effectof curre_gt‘_cfensity on electrode loss
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o
w

|
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4.2.2.5 Sum"_f,léry of the current density
The result showed that the optimum current density was 9.12 mA/cm’*when
maintaining the initia_l_ﬁpH and retention time of 6 ar_;d 30 minutes. The removal
efficiencies were 97.35% for! COD, '57.89% for'SS ‘and| 73.77% for oil. The gas
production was#32 ml per liter of wastewater being treated. The final pH was 8.08.
The mass Joss of an aluminum electrode was-360.1 g-per cubic-of wastewater being

treated. The calculated cost'of electrode used is 24.0 baht'per cubic of-wastewater.

4.2.3 Effect of retention time

Shown in table 4.4 is the effect of reaction time on the pollutant removal
efficiencies when the retention time was varied from 10 to 40 min. Each experimental
trial kept the initial pH at 6 and current density 9.12 mA/cm®. Table 4.4 presents
removal efficiencies of COD, SS and G&O.
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Table 4.4 The effect of retention time on removal efficiencies using Al-C as

electrodes at pH 6 and 9.12 mA/cm®.

Electrodes

Retention Current % Removal Efficiency Gas Electrode
Time Final | density loss quantity cost
min) | P | Ty | COP | SS| G%O | Ty | Bahumd)

10 6.87 | 791 166.8 | 95.56 | 61.23 | 60.82 145 9.0
15 7.24 | 8.02 181.3 | 96.72 | 69.54 61.52 210 15.0
20 7.54 | 8.02 251.3 [ 96.91 | 72.69 | 76.97 290 19.0
25 7.87 | 8.32 330.4 | 9749 ©76.92 | 79.09 390 23.0
30 8.17 | 8.32 Bad Il 9763 415 79.77 433 24.0
40 829 | 9.12 3971 | 98.48==77 54, | 80.97 560 42.0

4.2.3.1 Effluent pH

Figure 4.9 show.

'y

eeffluent p

l—é as varying the retention time. An increasing

pH was observed due to the greater formation of hydroxide ion at the cathode.

Final pH

8.5 ~

20 30

Retention time {min)

Figure 4.9 The effect of retention time on final pH

4.2.3.2 Removal efficiencies of COD, SS and Oil
Figure 4.10 shows that the removal efficiencies were 95.56-98.48% for COD,
61.23-77.54% for SS and 60.82-80.97% for oil. All pollutant removal efficiencies

increased with respect to the reaction time. However, the allowed reaction time longer

than 25 min did not enhance the removal efficiencies. According to Faraday’s law, the

amount of coagulant or dissolved anodic metal is theoretically and directly
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proportional to the applied current to an electrolytic cell at a certain time. This helps
to increase the opportunity for mixing and contacting between flocs and particles.
These current study results are similar to other EC studies. Xu and Zhu (2002) and Tir
and Moulai-Mostefa (2008) indicated that the optimal reaction time for treatment of

oily wastewater is approximately 25 min.

110 -
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90 -
3 80 p—
° 4 NG
P L IANNNS .
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! )¢ 45
Figure 4.10 The effectof - ention time on removal efficiencies
-{,.-' ,l_:JL,,J BET S,
4.2.3.3 Gas Productior
Gas production fro approximately 145-560 ml per liter

of wastewater being treapad as shown in fi%l.l’re 4.11. The gas production increased as

retention tim ﬁﬂ ﬁWﬁwﬁ&rﬂﬁ time, which in turn
0 le genera

increases the rate, 10n

’QW']Mﬂ?ﬂJ UAIINYAY
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4.2.3.4 Electrode lg
The mass loss of'a

40 min was 166.8-397.1 ¢

operating retention time of 10-
céording to Faraday’s law, the
amount of coagulant or dissolved ant m 1 is theoretically and directly
proportional to the applied current o an electrolytic cell at a certain time. It
established that the rate of electr e d es with prolonging electrolysis

time.

5 10 15 20 25 30 35 40 45

Retention time (min)

Figure 4.12 The effect of retention time on electrode loss
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4.2.3.5 Summary of the retention time effect

The result showed that the optimum retention time was 25 minutes when
maintaining the initial pH and current density of 6 and 8.32 mA/cm®. The removal
efficiencies were 97.49% for COD, 76.92% for SS and 79.09% for G&O. The gas
production was 390 ml per liter of wastewater being treated. The final pH was 7.87.

The mass loss of an aluminum electrode was 330.4 g per cubic of wastewater being

treated. The calculated cost of elecv\(&\ I#/}&o baht per cubic of wastewater.
as\1/}
AN 7

4.2.3.6 The sumﬁ?;—-qf the oﬁtonditions for treatment of
( aria\aﬁne method.

petrochemical wastew

The results fro able effect revealed that the optimum

conditions can be ac “anode graphite cathode with the

current density 8.32 ¢ of 6. The removal efficiencies for

A A ’ .
te r.The approximate power requirement was 5.19

P

kWh/m’ of wastewater. Figures 4.13(a) and (b) shows the characteristics of wet and

i _ i)\ 2/ N
dried sludge from the EC process. The volume © uced sludge was 54.2 ml/L and
e om O st
the dried sludge waﬁ' ‘

(a) (b)
Figure 4.13 Sludge production from the EC reaction
(a) Wet sludge (b) Dried sludge at 100 — 103 °c
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Mass balance of the aluminum loss is estimated from with the mass of
aluminum in the treated wastewater (0.00453 g), mass in the produced sludge

(0.20587 g) and mass loss in other parts as presented below:

Aluminum weight loss (g) = Aluminum (g) (in treated wastewater + in sludge) +

other (g).
0.3304 =0.00453 + 0.20587 + 0.12
0.3304 =0.3304

-

The mass of aluminum10ss in other parts could be due to digestion process of
the sludge. The digestion” might noty be able to convert aluminum hydroxide
containing in the sludge to aluminum, which i1s a detectable form. Moreover, the
aluminum loss could eccur dur1ng the e}ectrode cleaning process for dirt removal.
These mechanisms could'cause less mass bf aluminum in the treated water and sludge
than the actual loss weight: . -

Since the large amount of- alummufn‘ was found in the produced sludge, the
pollutant removal mechanism Could-be duQ—tonweep coagulation of the pollutants.
Large flocs are created and used for adsorption “of soluble organic compounds and for

trapping of colloidal pamdes.—Gonseqtrent}y,' these ﬂocs-ean be removed by floatation
with H, bubbles. "

Table 4.5 Sumimary of the toptimum conditions [for treatment of petrochemical

wastewater by the one variable at a time method

Parameter Raw wastewater Treated wastewater
COD (mg/L) 6,032 151.00
Grease & Oil (mg/L) 132.50 27.71
SS (mg/L) 120.00 27.70
Conductivity (uS/cm) 350.00 405.00
pH 7.40 7.24
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Table 4.6 Summary of cost for the optimum conditions for treatment of petrochemical

wastewater by the one variable at a time method

Parameter Raw wastewater Treated wastewater
Electrode cost (Baht/m’) - 23.00
Power Requirement - 5.19
(kWh/m?)

Electric cost (Baht/ m’) - 10.02
Chemical cost (Baht/m") - 11.00

“.” denotes no detection

Table 4.5 shows that the EC ‘process canremove COD, G&O and SS by
97.49%, 79.09%, and 76.92%. respectively. The result indicates that EC procee can
be an effective method forprimary treatment of petrochemical production wastewater.
The reduced amount of thepollutants can reduce the pollutant loadings to a following

biological treatment process.

4.3 Experimental design ;
e i

4.3.1 Box-Behnken designvexperimfeﬁt?

The Box-Behaken desigh; an experiﬁ;éh’.tél' design for RSM, was used to create
a set of designed experiments by MINITAB software, version 14. In this study, the
Box-Behnken desigﬁ for 3 factors, i.e., initial pH (X;), applied voltage (x,), and
reaction time (X3), involyed three blocks as shown in table 4.6. In each of the three
blocks, two factors wetre varied, thtough the 4'possible ¢combinations of high and low.
The values ofythe original variables were selected based on the preliminary
experimental results. Given~the., three, main-, variables, and, three, test levels, 15
experiments ‘were“designated-by ‘MINITAB software as’ shown in-table 4.7. The
removal efficiencies for COD, SS and G&O were obtained from the one factor at a

time experiment.
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Factor Original factor (x) Coded factor (X)

-1 0 1
Initial pH x1 4 6.5 9
Applied voltage (V) x2 10 20 30
Reaction time (min) x3 10 25 40

Table 4.8 The removal efficiencies of COD. S§ and G&O from the experiments

designated by Box-Behnken . 4
Initial Applied Current Retention Removal efficiency (%)
Trial H voltage density) time COD SS G&O
p (Vols) A @A/cmd) (min)

1 9.0 10 £20-5 i 25 62.03 41.55 39.63
2 6.5 10 B2r=" 40 91.82 78.30 88.26
3 6.5 10 3304 A\IN 80.32 41.36 59.80
4 9.0 30 T3 85 74.46 51.36 49.08
5 6.5 30 032~ =8 10 93.65 72.05 80.03
6 4.0 30 TR 23 92.29 75.63 75.85
7 6.5 20 B2 =l 25 95.73 77.16 87.67
8 4.0 20 8.62 40 94.20 76.88 76.01
9 4.0 10 ——=! =05 84.81 63.75 63.64
10 9.0 20 ~1:90 {430 76.66 69.38 55.91
11 6.5 . 30 9.42 40 £ 97.81 78.86 88.92
12 6.5 [ =26 By (= 95.21 78.30 88.26
13 6.5 4220 8.52 25 0521 | 7830 | 88.34
14 4.0 20 832 10 86.66 59.38 55.91
15 9.0 20 391 40 71.15 49.09 47.31

4.3.2 Optimization of operating conditions

Response surface method was applied to evaluate and determine the optimum

operating conditions., To 'develop’ a response surface- modely various types of

regression models were tested with the experimental observations of the removal

efficiencies obtained from the one factor at a time experiment. The tested regression

models included linear, linear and square, linear and interaction, and full quadratic

models. Table 4.9 presents Standard Error (SE) and Coefficient of Determination (Rz)

obtained from the four types of the regression models using MINITAB program.
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Table 4.9 Standard Error: SE and Coefficient of Determination: R?

Parameter Type of Model R” (%) R (adj) (%) SE
1.COD Linear 63.2 53.1 5.557
Linear + Square 96.3 93.5 2.065
Linear + Interaction 66.7 41.7 6.197
Full Quadratic 98.1 94.8 0.580
2.SS Linear 69.4 61.0 15.790
Linear + Square 94.6 90.5 7.804
Linear + Interaction 74.7 55.7 16.820
Full Quadratic 86:0 84.5 1.451
3. G&O Linear - 69+ 60.6 16.410
Linear + Squaie 947 90.7 7.979
Linear + [ateraction 4.2 54.8 17.590
Full.Quaduatie , 96.6 90.5 2.114

]
It can be seen that'a full quzidratic"inodel provided the lowest values of
SE for removals of COD/(0.5804), sS _'61.451) and G&O (2.114) with R* of
94.8%, 84.5% and 90.5%, respectively: Tfhus, a full quadratic model is used to
optimize the operating conditions-. of the ECJprocess
o di

- ¥

4.3.3 Analysis of regression coeffi@tls_ ()

4.3.3.1 Regréssion coefficients

The full quadratic model used in the responsc{'_(Yi) was described as the

following:
4 4 5 3 4
Yi:ﬂO+ZﬂiXi+ZﬂiiXi +Z Zﬂinij (...
i=1 i1 =l jEitl
Y, Yo, Y3 =Removal‘efficiencies of COD}SS; G&O
X, X5, X3 = Dependent variables, i.e., initial pH, applied

voltage, retention time

180’ :Bl'v ﬁii’ :Bl]

square, interaction terms

regression coefficients for intercept, linear,

To develop a response surface regression model, a full quadratic model was

applied to experimental observations of the removal efficiencies. Calibrating with the
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experimental results derived from the one factor at a time experiments, the four

regression coefficients can be derived as shown in table 4.10.

Table 4.10 Regression coefficients (f;) of the full quadratic model

Parameter Term Coef StDev t p
Constant -12.4146 14.1910 | -0.8750 | 0.008
pH (A) 24.2491 2.9916 | 8.1060 | 0.000
Volt (B) 21251 0.6470 | 3.2840 |0.001
Time(C) 110368 0.3980 | 2.6050 | 0.000
1.COD pH*pH (A") 20575 0.2060 [ -9.9900 | 0.000
Volt*Volt (B) -0.0413 0.0129 | -3.2060 | 0.001
Time*Pime (C%) -0.0016 0.0057 | -0.2770 | 0.000
pH*Voit (AB) 0.0495 0.0495 1.0010 | 0.001
pH*Time (A*C) | -0.0870 0.0330 | -2.6380 | 0.468
VolefTime' (B*€)", . 1. 4-0.0122 0.0082 | -1.4840 | 0.001
Constant " 1104290 | 50.4000 | -2.1910 | 0.040
pH (A) | 28.2590 10.6200 | 2.6600 | 0.000
Volt (B) ¥ 5.2290 2.2980 | 2.2760 |0.012
5 s Time(C) £ 135020 1.4130 | 2.4780 |0.016
' pH*pH (A”) -1.9050 0.7320 | -2.6040 | 0.000
Volt*Volt(B”) = ~20.0790 0.0460 | -1.7380 | 0.003
Time*Time (€ 0.0100 0.0200 | -0.5100 | 0.031
pH*Volt (A*B) -0.0210 0.1760 | -0.1180 | 0.000
pH#Time (A*C) -0.2520 0.1170 | -2.1510 | 0.004
Vel# Time (B*C) _0.0500 | ~0/0290 | -1.7150 | 0.047
Constant -162.9870 | 30.8762 | -5.2790 | 0.003
pH (A) 54.9290 6.5090 | 8.4390 |0.005
Volt (B) 3.6410 | 14078 | 2.5860 |0.049
Time(C) 3.0920 0.8659 | 3.5710 |0.040
3. G&O pH¥pH (AY 41210 04481 | -9.1950 | 0.000
Volt*Volt (B®) -0.0530 0.0280 | -1.8870 | 0.001
Time*Time (C?) -0.0160 0.0124 5 4| -1.2680 | 0.000
pErVolf (A*B) 2020280 0.1076.) 1240.2560 | 0.007
pH*Time (A*C) 20.1910 0.0718 " [-2.6660 | 0.054
Volt*Time (B*C) -0.0330 0.0179 | -1.8180 | 0.000
Note: 1) COD S =0.5804 R-Sq=98.1% R-Sq(adj) =94.8%
2)SS S=1.4510 R-Sq=86.0% R-Sq(adj) =84.5%
3) G&O S=2.1140 R-Sq=96.6% R-Sq(adj)=90.5%

S is standard error

Coef is regression coefficient (f;) of variable
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StDev is Standard Deviation

t and p are test value for significance of hypothesis

Therefore, the full quadratic models describing the removal efficiencies
of COD, SS, G&O as functions of initial pH, applied voltage and retention time

can be derived as the following equations:

% Removed COD =-12.4146 + 24.2491A #2.1251B + 1.0368C -
2:0575A° - 0:0413B%--0:0016C* + 0.0495AB —
0.0870AC - 0.0122BC
\
% Removed SS'= 04200+ 28.2590A + 522908 + 3.5020C — 1.9050A” -
00700B0.0400C7 -0.0210AB - 0.2520AC - 0.0500BC
% Removed G&O & - 162:9870 + 54.9990A +3.6410B + 3.0920C — 4.1210A’
005308 0.0160C” 20.0280AB - 0.1910AC-0.0330BC

s

Where, Y
Ac=-imtral-pH
B= Applied voltage (Volt)

C = Retention time (min)

4.3.3.2 Test for significance of regression coefficients
The regression coefficients were tested.for-significance. 'The relationship
between each dependent variable and'response variable ‘was determined with a

hypothesis of regression as describe below:

H,:B.B....05 =0 X; cannot affect on independent variable.

H,: BBy 5 20 X; can affect on independent variable.

Test values for significance of hypotheses are ¢ and p-values. If 7y (from

table 4.7) is greater than ¢, , ., (n = number of experiments and k = number of

model coefficients) at a level of significant a, then Hy is rejected. Moreover, if p-



value is less than a level of significant, then Hy is rejected. The p-value
calculated from MINITAB program with respect to each regression term is

shown in table 4.10

Table 4.11 p-value of the full quadratic model
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Parameter Term p
1. COD i 0.002
tare 0.001
wl . Interaefios 0.001
2.8S —— 0.002
~ | Squa 0.000
127 | Interaction._ 0.001
3.G&0 v/ near . 0.004
" E 0.002
AI[ 0.001

Ne ¥
ol

conducted for 15 runs. The'result: shows that th

To verify the maodels, the shown in table 4.11 were
no observable difference

in modeled and experimental values. Moreover * values of a linear trend

efficiency from full

atic modal

-4

% COD REm
=
=]

10 20 30 40 50 60 70 80 90 100

% COD Removal efficiency from experiment

Figure 4.14 Relationship between modeled and experiment values of COD

removal efficiency
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4.3.4 Effect of regression terms on removal efficiencies
4.3.4.1 Effect on COD removal
As shown in table 4.10, the linear terms of A, B and C for the model

quadratic modal

% G&O Removal fficiency from full

describing COD removal efficiency have p-value less than 0.05. This means the
relationship between the COD removal and dependent variables A, B and C is

significant at 95% confidence interval. At the same time, p-value of the linear
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term presented in table 4.11 is found to be 0.002, meaning that the dependent
variables A, B and C are able to predict the COD removal efficiency.

As shown in table 4.10, the square terms of A2, B? and C? for the model
describing COD removal efficiency have p-value less than 0.05. This means the
relationship between the COD removal and dependent variables A, B and C is
significant at 95% confidence interval. At the same time, p-value of the linear
term presented in table 4.11 is found to ' be 0.001, meaning that the dependent
variables A*, B and C? are able to predict the. @ODremoval efficiency.

Finally, as shown-in-table 4.10; the interaction terms of AB and BC for
the model describing COD remowval efficiency have p-value less than 0.05. This
means the relationship between 'the COD removal and dependent variables AB,
AC and BC is signifieant at'93% confidence interval. At'the same time, p-value
of the linear term presented‘in table 4.1 l;is found to be 0.001, meaning that the
dependent variables AB and BC are able t&')g ﬁredict the COD removal efficiency.

4.3.4.2 Effect on SS removal ? .

As shown in table 4.10, the linear terrhs of A, B and C for the model
describing SS removal efficiency have p-\}b.lz‘iiié'less than,0.05. This means the
relationship between-<the-SS-removal-and dependent variables A, B and C is
significant at 95% confidence interval. At the same time, p-value of the linear
term presented in table 4.11 is found to be 0.002, meaning that the dependent
variables A, Byand:Cjare lable to prédict the=SSiremovalefficiency.

As shown in table 4.10, the square terms of A2, B? and C? for the model
describing .SS remoyval efficiency, have p-value 1ess.than 0.05. This means the
relationship between the! SS femovaliand dependent variablestA, B’ and C is
significant at 95% confidence interval. At the same time, p-value of the linear
term presented in table 4.11 is found to be 0.000, meaning that the dependent
variables A%, B? and C? are able to predict the SS removal efficiency.

Finally, as shown in table 4.10, the interaction terms of AB, AC and BC
for the model describing SS removal efficiency have p-value less than 0.05. This
means the relationship between the SS removal and dependent variables AB, AC

and BC is significant at 95% confidence interval. At the same time, p-value of
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the linear term presented in table 4.11 is found to be 0.001, meaning that the
dependent variables AB, AC and BC are able to predict the SS removal

efficiency.

4.3.4.3 Effect on G&O removal

As shown in table 4.10, the linear terms of A, B and C for the model
describing G&O removal efficiency have p-value less than 0.05. This means the
relationship between the G&O removal and dépendent variables A, B and C is
significant at 95% confidence interval:"At the same time, p-value of the linear
term presented in table 4.1 L.as found to be 0.004, mcaning that the dependent
variables A, B and C arc ablée to'predict the G&O removal efficiency.

As shown in table 4:10; the ‘squafe,.lterms of Az, B? and C? for the model
describing G&O remoyal efficiency havc%p—value less than 0.05. This means the
relationship between the!G&O removal and '-dependent variables A, B and C is
significant at 95% confidence interval. A'tl‘-'the" same time, p-value of the linear
term presented in table 4.11 is found to béﬂOOOZ, meaning that the dependent
variables AZ, B? and C? are able to predict th&é&O removal efficiency.

Finally, as shown. in table 4.10, thé"ih{é;fabtion terms of AB and BC for
the model describing &&O removal-etficiency have p=veiiie less than 0.05. This
means the relationship between the G&O removal and dependent variables AB,
AC and BC is significant at 95% confidence interval. At the same time, p-value
of the linear tetm présénted initable 4¢l1 is:feundito be 0:004; meaning that the

dependent variables AB and BC are able to predict the G&O removal efficiency.

4.3.5 Optimum operating ¢onditions
Optimum operating conditions of the EC process for petrochemical
wastewater treatment were determined by optimization technique with
MINITAB program. Optimizing conditions for the independent variables were
designated as follows:
a) Upper Limit
Upper limit is designed as the highest of removal efficiencies of

COD, SS and G&O for 98%, 79% and 89%, respectively.
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b) Target
This study was aimed to determine the optimum operating
conditions that provided low treatment cost. Thus, the target removal
efficiencies of COD, SS and G&O were designed as 95%, 78% and
88%, respectively.

¢) Lower Limit

Lower limit is design y lowest of removal efficiencies of
COD, SS and G&QO for 62% %70, respectively.
———

d) Weight .
The deg ‘
With the abovi

unctions in this study is 1.
,ted optimum operating

conditions are initial . oltage;of 20.° \ and retention time of

27.40 minutes.

4.3.6 3D response e plot: for th I:'q fect of each variable
Figures 4.13-4.1 ,_., plots for the variations of COD,
#f aaadaaid o
G&O and SS removal efficiencies according to the three independent factors, i.e.,

initial pH, voltage and reac o variables are varied, while the

rest is kept constant; Fhe-piots-are-derived-from quadratic models.
] L

AUEINYNINYINT

AR TUNMIINGAY




61

20

™o R d COD
emove a0

30

Yolt (¥)

% Removed COD

40

Time [min)

N9
bl

Retention time (min)

% Removed COD 07

CRAE

9

20

20 =0 10

Applied voltage (Volt)
(©)
Figure 4.17 Effects of pH, voltage, and reaction time on COD removal: 3D response
surface plots. (a) The reaction time was kept constant at 25 min, (b) the applied

voltage was kept constant at 20 V, and (c) the initial pH was kept constant at 6.5.
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Figure 4.18 Effects of pH, voltage, and reaction time on SS removal: 3D response

surface plots. (a) The reaction time was kept constant at 25 min, (b) the applied

voltage was kept constant at 20 V, and (c) the initial pH was kept constant at 6.5.
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Figure 4.19 Effects of pH, voltage, and reaction time on G&O removal: 3D response
surface plots. (a) The reaction time was kept constant at 25 min, (b) the applied

voltage was kept constant at 20 V, and (c) the initial pH was kept constant at 6.5.
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It is obviously seen that the effects of pH, voltage and reaction time on the
percentage removals of COD, G&O, and SS exhibit the same tendency. The surface
response plots offer the maximum removal efficiencies of 94.8% for COD, 87% for
G&O, and 77.8% for SS at the optimum conditions for pH of 6.73, applied voltage of
20.58 V, and reaction time of 27.40 min.
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Table 4.12 Comparison of removal efficiencies between modeled and experimental values from Box-Behnken design experiment

. pH Applied Time %a COI')‘Removad % SS Removal efficiency % G&O Removal efficiency
Trial (A) voltage ©) efficicncy
(B) (min) X Y X Y X Y
1 9.0 10 25 62.03 63.04 43.55 43.94 42.63 42.48
2 6.5 10 40 9182 92.04 78.30 78.67 88.26 88.93
3 6.5 10 10 80,32 8L.95% 47.36 48.37 62.80 62.93
4 9.0 30 25 74.46 33 55.36 56.14 52.08 51.74
5 6.5 30 10 95.65 295 428 M 76.05 76.67 83.03 83.35
6 4.0 30 25 92.29 92 75.63 75.24 75.85 75.99
7 6.5 20 25 95.73 =405 38= " Y76 77.92 87.67 88.09
8 4.0 20 40 96.20 1196.847 4 86.88 86.28 76.01 75.00
9 4.0 10 25 84.81" }7.84.93 4 61.75 61.97 63.64 63.97
10 9.0 20 10 76.66 7601 | . 69.38 69.97 50.91 4991
11 6.5 30 40 97.81 4+~ 97.18 1~ 7886 77.84 88.92 87.78
12 6.5 20 25 .~405.21 95.38 78.30 . -, 77.92 88.26 88.09
13 6.5 20 25 \ " B5:21 95.38 ssnY 77.92 88.34 88.09
14 4.0 20 10 86.66 85.90 59.38 59.14 55.91 55.43
15 9.0 20 40 71.15 71.90 51.09- 51.32 47.31 47.78
Optimal = ¢ 531 5058 | 2740, | 9486 95.00 77.80 78.00 87.00 88.00
condition

Note: X = experimental value

Y =model value
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4.3.7 Result comparison between one variable at a time method and
Box-Behnken design optimiztion

According to Section 4.4.5, the optimum operating conditions obtained
from Box-Behnken design optimization are initial pH of 6.73, voltage of 20.58
volt (current density 8.22 mA/cmz) and retention time of 27.40 minutes. As
compared with the results obtained from the one factor at a time method, the
optimum conditions are pH of 6.00, current density 8.32 mA/cm? and retention
time of 25.00 minutes. This implies that the*full-quadratic regression models
reasonably optimize the-operating cenditions-and predict the EC process
efficiency for the petrochemical wastewater treatment.

|

Table 4.13 Comparison of Joptimum ‘- conditions and" removal efficiencies

obtained from the one factor aa time experiments and the Box-Behnken design

66

optimization. "
Parameter = One variable at a time Box-Behnken
/. method design
: =7l optimization

1. Optimal conditions —

e pH - 6.00 6.73

e Applied voltage (Volt) 20.00 20.58

e Current density (mA/cm’) el 8.22

e Retention time (1min) 25.00 27.40
2. pH , 7.24. 7.23
3. Conductivity (uS/cm 405.00 400.00
4. % COD Removal efficiency: 97.49 94.80
5. % SS Removal efficiency. 76.92 77.80
6. % G&O Removal efficiency 79.09 87.00
7. Gas (ml/L.) 390,00 400.00
8. Electrode lost (g/m™) 33040 320.0
9.Sludgeiquantity (ml/L) 54.20 50.00
10.Electrode cost (Baht/m3) 23.00 20.00
11.Power Requirement (kWh/m’) 5.19 5.31
12.Electricity cost (Baht/ m’) 10.02 10.21
13.Chemical cost (Baht/m3) 11.00 15.00
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Table 4.14 Comparison of the removal efficiency and power requirement of

electrocoagulation process and dissolve air floatation (DAF)

% COD % SS % G&O quer Electricity
Method Removed Removed removed Requirement cost
(kWh/m’) | (Baht/m’)
- 5.19 10.02
process
DAF 9.50 18.34
New DAF 11.00 21.24
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The investigation in this work leads t0_the following conclusions:

This study demonstrates-that the EC process using an aluminum anode and
graphite cathode is effective atteducing COD, G&O, and SS more than 77% in the
petrochemical processingsWwastewater. The EC-treated wastewater requires a further
biological treatment progéss/tol meet the effluent discharge standard. Using Box-
Behnken design to createsa set of expeﬁmental runs can reduce a number of runs
needed to optimize the operating conditioil-_s in comparison with the one fact at a time
experiment method. It provides sufficient da;ato fit the quadratic models for pollutant
removals. The calibrating models vreasonar‘t;jl‘y; ::gllpscribe the removal efficiencies with
the slopes of the regression lines approa@_in_g 1.00. Optimization of the models
provide the optimum conditioﬁ; at initial pH -:)f 6.73,.20.58 V applied voltage, and
27.40 minutes reacﬁoﬁ time that are in agreement with fhose obtained by the one
factor at a time experiments. This implies that the RSM could be effectively adopted
to optimize the operating'multifactors in such. EC complex process. The EC treatment
seems competifive in eomparison with conventional methods due to short process

time, no chemical addition, and less sludge production.
5.2 Recommendations/Future works

Based on the results of this study, some recommendations for any future study
are proposed as follows:
1. Electrocoagulation process with a continuously flow reactor should be

studied when implementing to a real petrochemical plant.
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2. In continuously flow reactor should control initial pH and current density.
The total of reactor is 1.5 L. The retention time are varied more than 60
minutes.

3. The data should apply from primary treatment system to real process.

4. Use of byproduct from the EC process, such as produced hydrogen, should

be considered for economical benefit.

AULINENINYINT
ARIAATAUNNIING A Y



REFERENCES

Al-Shamrania, A.A., Jamesa, A., and Xiaob, H., 2002. Destabilisation of Oil-Water
Emulsions and Separation by Dissolved Air Flotation. Water Research. 36:
1503-1512.

Ayhan, I, and Mahmut, O., 2006. Treatment of dairy wastewaters by
electrocoagulation using mild steel electrodes. Journal of Hazardous Materials.
137: 1197-1205.

Chen, X., Chen, G., and Yue, P.L., 1999 _Sgparation of pollutants from restaurant
wastewater by electiocoagulation.” Sepatation and Purification Technology.
19: 65-76. )

Chih, W.C., and Yi-Ming., 2009, Removal of COD from laundry wastewater by
electrocoagulation/ eleetroflotation. Journal of Hazadous Materials 164:

81-86.

Daneshvar, N., Oladegasagoze. A, and Djafarzadeh, N., 2006. Decolorization of
basic dye solutions by electrocoagulation: an investigation of the effect of
operational paramietess. Journal of Hazardous Materials. 129: 116-122.

Friedrich, H., 1962. lon Exchange. New York: MaGraw-Hill.

Giirses, A., Yalcin, M. dand Dogar, €., 2002. Electrocoagulation of some reactive
dyes: a statlstlcal investigation of some electrochemical variables. Waste
Management 22: 491-499. 4

Hector, A.M., David, L.C., Jewel."A.G., Pa?ul M., Parga, J.R., and Eric P., 2007.
Electrocoagulation mechanism for COE removal. Separation and Purification
Technology. 56: 204-211. T

Inan, H., Dimoglo, A., Simsek, H:, and Karpuzc‘u M., 2003. Olive oil mill wastewater
treatment by . means of electrocoagulatlon Separation and Purification
Technology. 36: 23-31.

Jiantuan, Ge., Jivhui; Qu., Pengju, Lei., and Huijuan Liu., 2004. New bipolar
electrocoagulation-electroflotation process for+the treatment of laundry
wastewater. Separation and Purification Technology. 36: 33-39.

Kongsrichareon; N, jand Polptasett,] €} 19951 [Eléctrochemical Precipitation of cr®
from an Eleetroplating Wastewater. Water Science Technology. 13: 109-117.

Larue, O. and' Vorobiev, E., 2003. Floc size estimation in iron induced
eletrocoagulation and..coagulation using -Sedimentation_data. Int J. Miner.
Process. 71:1-13.

Mayank, o F.P., Jodha and V.S., Indra., 2009. Treatment of bio-digester effluent by
electrocoagulation using from electrodes. Journal of Hazadous Materials. 165:
345-352.

Mohamed, T. and Nadji, M.M., 2008. Optimization of oil removal from oily
wastewater by electrocoagulation using response surface method. Journal of
Hazardous Materials 158: 107-115.

Muftah, S.Z. and Amal, S.M., 2009. Assessment of electrocoagulation for the
treatment of petroleum refinery wastewater. Journal of Environmental
Management 91: 180-185.




71

Myers, R.H. and Montgomery, D.C. , 2002. Response surface methodology: process
and product optimization using designed experiments. 2nd ed. John Wiley and
Sons, U.S.A.

P. Wiseman., 1986. Petrochemicals. UMIST series in science and technology.
Horwood:Chichester.

Petrochemical Industry Club The Federation of Thai Industries, FTIPC. Petrochemical

industry in Thailand[online]. Available from: www.ftipc.or.th [2009, October 2]

Petroleum Institute of Thailand, PTIT. Petrochemical Product Lines[online].
Available from: www.ptit.org/files/PetrochemicalProduct%20Line.pdf
[2009,September 20]

Pertorius, W., Johannes, W., and Lempest, Gy 1991. Electrolytic Iron flocculants

production with bipolar electrode in“Seri€s arrangement. Water SA. 17: 133-
13. <

Saatci, Y., Hasar, H., and"Cici; M., 2001. Treatability of vegetable oil industry
effluents through.wphysical-chemical methods. Fresenius Environmental
Bulletin. 10: 854-858: \

Srirangsan, M.O. and Orathai:, 2009. Treatment of Biodiesel Wastewater by

Electrocoagulation Procéss. Environmental Asia 2: 15-19.

Tir, M., Moulai-Mostefa, N& 2008. Optimization of oil removal from oily wastewater
by electrocoagulation gsing respogse surface method. Journal of Hazardous
Materials, 158: 107-115.

Umran, A.K. and Ulker., 2009. Electrocoagulatlon of vegetable oil refinery
wastewater using aluminum e}ectrodes Journal of Environmental
Management 90: 428-433. .

Xinhua, X. and Xiangfeng, Z 2004 Treameﬂ{ of refectory oily wastewater by
electrocoagulation process:. Chemosgherg 56: 889-894.

Yousef, M. and Robert, S., 2004 Electrocoagulation (EC) science and applications.
Journal of Hazardo*us—Mateﬂa}s—Sé# 2941




AULINENINYINT
IR TN TN



Table A-1 The result from the experiment to find gptimum.current density when use electrode as Al-C atpH 6 with 30 minutes.

APPENDIX A

The result from all experiments

-

pH Conductivity ‘1 COD SS G&O
Applied (uS/cm) Current . Electrode (mg/L) (ng/L) (mg/L) Gas Power Electric
Vl())ll)ta o Trial density g weight 3 ¥ quality Requirement cost
g Before | After | Before | After (mA/ian’) (g/m’) Before | After | Before | After | Before | After (mL.) (KWh/m?®) (Bath/m®)
— —_
: i ¥

1 6 7.98 480 450 5.11 18130 |+ 818% 11066 | 9500 | 57.50 | 152.50 | 54.00 155.00 2.55 4.92

10 2 6 7.99 480 440 5.21 181.00 8184 | 1066 | 95.00 | 55.70 | 152.50 | 53.10 155.00 2.60 5.00
Avg. 6 7.98 480 445 5.11 181.30 | » 8184+ | 1066 | 95.00 | 56.60 | 152.50 | 53.50 155.00 2.55 4.96

1 6 8.00 480 440 8.42 18]70 8184 J 34;_33 95.00 | 4540 | 152.50 | 50.00 275.00 6.30 12.17

15 2 6 8.03 480 430 8.32 18450 8184 _’;5,'4@2 95.00 | 43.90 | 152.50 | 49.20 272.00 6.40 12.50
Avg. 6 8.02 480 435 8.42 181.70.47. 8184 ° , ’jS{?ﬁ_ 95.00 | 44.70 | 152.50 | 49.60 275.00 6.30 12.10

1 6 8.08 490 410 9412 360.10 8184 217.0 | 95.00 | 40.00 | 152.50 | 40.00 432.50 9.10 17.57

20 2 6 8.09 490 410 T%02 360:50 8184 217.0 | 95.00 | ""38.70 152.50 | 39.30 431.00 9.10 17.57

= | ‘\...__HT

Avg. 6 8.08 490 410 942 360.10 8184 | 217.0 | 95.06- | 39.40 | 152.50 | 39.70 432.50 9.10 17.57

1 6 8.34 480 410 10193 369.00 8184 198.0 | 95.007| 40.00 | 152.50 | 38.30 517.50 13.63 26.10

25 2 6 8.36 480 410 11.03 368.90 8184 198.0 | 95.00 | 38.80 | 152.50 | 37.70 518.00 13.40 26.40
Avg. 6 8.35 480 410 10.93 369.00 8184 198.0 /[ 95.00 || 39.30 | 152.50 | 38.00 517.50 13.52 26.30

1 6 9.10 480 400 12.13 397.00 8184 90.0 | 95.00 | 39.50 | 152.50 | 38.20 527.50 18.15 35.05

30 2 6 9.14 480 400 12.23 396.80 8184 90.0=1" 95.00 .| 38.20 ["152.50 | 37.50 526.00 18.45 35.10
Avg. 6 9.12 480 400 12.13 397.00 8184 90.0 #f 95.00/| '38.90 % 152.50 | 37.80 527.50 18.30 18.30
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Table A-2 The result from the experiment to find optimum retention time period when use electrode as Al-C current density 9.12

mA/cm? (20 V) atpH 6.
Ret.ention Trial pH Co(rfslizglty g:iftnyl Eif:itgk):tie (ﬁng) (rnsiL) (Sl(:/g) unajiSty Re(il(;:::irlent Electric C?St

time Before | After | Before | After | (mA/emiuf(e/m) Before | After | Before | After | Before After (mL.) (KWh/m?) (Bath/m®)

1 6 6.93 480 440 791 166.8 8184‘l 363.4 95.00 37.00 152.5 60.00 145.00. 1.98 3.69

10 2 6 6.80 480 430 791 716619 81841 363.3 95.00 36.00 152.5 59.00 155.00 1.98 3.69

Avg. 6 6.87 480 435 7.91f. 1166.8 8184 1| 43634 95.00 37.00 152.5 59.50 145.00 1.98 3.69

1 6 7.24 480 440 8.02"'{ 18 143 8184 " 268.4 95.00 29.00 152.5 58.60 210.00 3.01 5.8

15 2 6 7.25 480 440 8.02 181.7 8484 .~ ;l 2‘6;8.4 95.00 28.00 152.5 58.00 210.00 3.00 5.79

Avg. 6 7.24 480 440 8.02 181:3 il 5184 r:%|68f‘i 95.00 28.50 152.5 58.30 210.00 3.00 5.79

1 6 7.54 480 430 8.02 281.3 .—'_18184 “’r}yﬁafi 95.00 26.00 152.5 35.10 290.00 4.03 7.75

20 2 6 7.53 480 430 791 ‘251)1*- 8184 2§:’5_.:0in 95.00 25.00 152.5 34.50 300.00 4.00 7.72

Avg. 6 7.54 480 430 8.02 251.;5 V ‘8184 :‘213_161 95.00 25.50 152.5 35.00 290.00 4.00 7.72

1 6 | 790 | 480 | 400 | -832 {73304 | siss | 2054 | 9500, | 2200 | 1s25 | 3200 385 5.19 10.02

25 2 6 7.80 480 410 1 8_;3" 33110 3ia4 205.4 95.00 _:‘21‘00 152.5 31.30 395 5.19 10.02

Avg. 6 7.87 480 405 JS./:;Z 330.4 8184 2054 95.00 ',hZE!.OO 152.5 31.70 390 5.19 10.02

1 6 8.20 490 410 832 331.1 8184 194.0 95.00 1+21.00 152.5 31.00 435 6.24 12.04

30 2 6 8.10 490 410 8.32 351.8 8184 194.0 95.00 21.00 152.5 30.30 430 6.23 12.03

Avg. 6 8.17 490 410 8.32 3311 8184 194.0 95.00 21.00 152.5 30.70 433 6.23 12.03

1 6 8.30 480 400 9.02 397.1 8184 124.3 95.00 20.70 152.5 29.00 550 9.1 17.57

40 2 6 8.20 480 400 9.22 400.9 8184 124.4 95.00 20.50 1525 28.50 570 9.1 17.57

Avg. 6 8.29 480 400 9:12 397.1 8184 124.4 95.00 20.60 1528 28.80 560 9.1 17.57
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Table A-3 The result from Box-Benhken design experiment.

H Conductivity Current | Electrode Cob SS G&O Gas Power Electric cost
Trials Time p (uS/cm) density weight y(mg/L) (mg/L) (mg/L) quality | Requirement (Bath/m3)
Before | After | Before | After | MACm)™ (/) | Before | “After | Before | After | Before | After | (mL.) (kWh/m®)
1 9.0 9.31 390 310 1.40 1977 8184 3107.5 95 53.6 152.5 87.5 70 0.58 1.13
1 2 9.0 9.26 390 320 1.00 I/ 81 8|4 3107.1 95 52 152.5 86.1 65 0.42 0.80
Avg. 9.0 9.29 390 315 1.20 184 818]'4 3107.3 95 52.8 152.5 86.8 67.5 0.50 0.97
1 6.5 7.92 430 370 3.20 536 8184 1 669.5 b, 20.6 152.5 17.9 240 2.13 4.12
— _—
) 2 6.5 7.87 430 370 3120 76.8 81841 | 1669.4 85 20 152.5 17.6 240 2.13 4.12
-} #
Avg. 6.5 7.89 430 370 3.20 65.2 8184 - 669.5 95 20.3 152.5 17.8 240 2.13 4.12
. ] £ a.-‘_| ¥
1 6.5 7.07 430 370 3.20 14.0 8184 ‘r JIp_,1610.6 93 50 1525 56.7 55 0.53 1.03
3 2 6.5 696 | 430 360 341 154 B184 116104 |1 95 484 | 1525 | 558 60 0.57 1.09
Avg. 6.5 7.02 430 365 3.31 15.1 8184 _,__,1'610.5 95 49.2 152.5 56.3 57.5 0.55 1.06
el A‘l‘\‘\-_‘_:‘—_
1 9 9.52 390 300 .7.‘61 110.5 8184 2090.2 95 {}2.4 152.5 73.1 275 9.50 18.34
4 2 9 9.43 390 320 ;Zjél 97.0 8184 2090 95 ‘.ﬂ__-"41.1 152.5 71.9 265 9.13 17.62
Avg. 9 947 390 310 7.51 103.7 8184 2090.1 95 41.8 152.5 72.5 270 9.3125 17.98
1 6.5 7.52 430 360 962 70.9 8184 356 95 ) 22.8 152.5 25.9 170 4.80 9.27
5 2 6.5 7.43 430 370 9.00 65.0 8184 356 95 22.4 152.5 25.5 175 4.50 8.69
Avg. 6.5 7.47 430 365 9.32 67.95 8184 356 95 22.6 152.5 25.7 172.5 4.65 8.98
4 6.88 640 460 11.22 195.1 8184 630.9 95 21.7 152.5 36.8 385 14.00 27.03
6 2 4 7.19 640 460 12.43 231.7 8184 63019 95 21 152.5 36.2 400 15.50 29.93
Avg. 4 7.03 640 460 11.81 2134 8184 630.9 95 214 152.5 36.5 392.5 14.75 28.48
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Table A-3 The result from Box-Benhken design experiment (con).

‘ . pH Conductivity Curre;nt 4 (60)P) SS G&O Ga§ Power Electric

Trials | Time (uS/em) density weight | 3 (mg/h) (mg/L) (mg/L) quality | Requirement cost
Before | After | Before After (mA/cm’) (g/m) Before After Before | After | Before | After | (mL.) (KWh/m®) (Bath/m®)

1 6.5 8.27 430 340 22 141.6 8184 349.5 95 21.7 152.5 18.8 345.0 6.83 13.20
7 2 6.5 8.28 430 340 8.62 1471 %184 349.4 95 21.0 152.5 18.5 360.0 7.17 13.84
Avg. 6.5 8.28 430 340 8.42 1444 élSil 349.5 95 214 152.5 18.7 352.5 7.00 13.52
1 4 7.27 640 440 842 2285 _ 81;&4 311.0 95 12.5 152.5 36.6 600.0 11.20 21.63
8 2 4 7.54 640 450 8.82 256.1 81%4 : 8119 95 12.1 152.5 36.0 590.0 11.73 22.66
Avg. | 4 741 | 640 445 8.62 2423 sfé_}ﬂ 3110 95 123 | 1525 | 363 | 5950 11.47 2214
1 4 6.15 640 480 5.2¢ 12] (1 818}211-:_.* 12431 95 36.3 152.5 56.4 240.0 2.17 4.18
9 2 4 6.39 640 490 5.00 i 1812 818471, .?_1243.0 95 35.2 152.5 554 225.0 2.08 4.02
Avg. 4 6.27 640 485 5.10 104.‘7 81 84,? _ ‘1243.1 95 35.8 152.5 55.9 232.5 213 4.10
1 9 9.14 | 390 330 2.00 350 | 8184 | 19101 95 201 | 1525 | 749 | 400 0.67 1.29
10 2 9 9.25 390 320 =] 80 182 8184 1910.0— _‘%5 - 28.2 152.5 74.0 40.0 0.60 1.16
Avg. 9 9.20 390 325 1.90 23.6 8184 1910.1 95~ 28.7 152.5 74.5 40.0 0.63 1.22
1 6.5 9.63 430 340 9.62 302.1 8184 179.2 _95 20.1 152.5 16.9 640.0 19.20 37.08
1 2 65 | 953 | 430 330 9.22 3201 | 8184 | 1792 95 194 | 1525 | 166 | 660.0 18.40 35.53
Avg. 6.5 9.58 430 335 9.42 315.6 8184 1792 95 19.8 152.5 16.8 650.0 18.80 36.30
1 6.5 7.88 430 340 8:22 135.6 8184 3920 95 20.6 152.5 17.9 370.0 6.83 13.20
12 2 6.5 8.06 430 350 8.22 146.6 8184 391.9 95 20.0 152.5 17.6 360.0 6.83 13.20
Avg. 6.5 7.97 430 345 8.22 141.1 8184 392.0 95 20.3 1525 17.8 365.0 6.83 13.20
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Table A-3 The result from Box-Benhken design expenment\ﬁ\n‘)’ ,//
N

H Conductivity SS G&O
P (uS/cm) (mg/L) (mg/L) Gas Power Electric
Trials | Time quality Requirement cost
3
Before | After | Before | After ore | After | Before | After | (mL.) (kWh/m®) | (Baib/mr)
1 6.5 8.09 430 360 ! 95 20.6 1525 | 17.8 355 7.00 13.52
13 2 6.5 8.15 430 350 % 20.0 1525 | 175 355 7.17 13.84
Avg. 6.5 8.12 430 355 95 20.3 1525 | 177 355 7.08 13.68
1 4 5.12 640 480 95 38.6 1525 | 67.2 120 2.60 5.02
14 2 4 5.29 640 500 95 37.4 1525 | 66.8 130 2.90 5.60
Avg. 4 5.21 640 490 95 38.0 152.5 | 67.0 125 2.75 5.31
1 9 8.80 390 320 _{ 46.5 1525 | 804 125 5.73 11.07
A
15 2 9 8.77 390 320 45.0 1525 | 79.1 115 4.67 9.01
¥ T
Avg. 9 8.79 390 3. 90 82 6 8184 2361.0 95 45.8 152.5 | 79.8 120 5.20 10.04

ﬂ‘iJEJ'WlEJWﬁWE
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Table A-4 The result of optimum condition from the one variable at a time method with Al-C pH 6 current density 8.32 mA/cm?(20 V) at

25 min.
| P s | G ) S | e | ] | e
Before | After | Before | After | (MA/em) | (g/m) Beefor After Before | After | Before | After (mL.) | t kWH m’) (Baht/ m’)
1 6 7.2 480 400 8.32 330" #8184 265.4 95 | 22.0 | 1525 | 319 385 5.10 9.80
2 6 7.28 | 480 410 8.32 3304 808442054 | 95 " |.212 | 1525 | 314 395 5.20 10.05
Avg. 6 7.24 | 480 405 8.32 3304 /818472054 | 95 | 21.6 | 1525 | 317 390 5.19 10.02
: *.'
DAl
Table A-5 The result of optimum condition from the Boxj,Benhken dqsig_;!, experiment with Al-C pH 6.73 20.58 V at 27.4 min.
e | P | e | S b )| G ] ) | o || o
Before | After | Before | After | (MA/ sz)“.d j (@) | Before | After | Before Att_?'.ér_:; Before | After (mL.) | (kWh/m’) (Baht/ m’)
1 6.73 | 7.23 | 460 400 8.02 1320 8184 | 4256 | 95 21.1 | 1525 | 19.8 400 5.25 10.10
2 6.73 | 7.23 | 460 410 842 | 310 8184 | 4255 | 95 | 204 | 1525 | 195 400 5.36 10.32
Avg. | 6.73 | 7.23 | 460 405 8:22 320+, |y 8184 |04255 |n4959 1(#20.8+ | A52.5 | 19.7 400 5.31 10.21
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APPENDIX B

Figure of Experiments

N0 1) a—
7

e L

7/

stewater characteristic

The characteristic of ater with tested condition
\

\ 7 :
1. Treated waste\mte i

Figure B-2 (a) pH 4 (bypHO6 (©)pH9
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2. Treated wastewater from 2" experiment.

Figure B-3 (a) 10 Volts” " /1 (c) 20 Volts

U (@) 25 Volts () 30,plts

wwaﬂmmumwmaﬂ
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3. Treated wastewater from 3™ experiment.

mLO 200
+5% —a 18

Figure B-4 (a) 10 min & (¢) 20 min

(d) 25 min (e) 30 min (f) 40 min
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nfrared Spectrometer, PerkinElmer (Spectrum One)
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Figure C-1 The analysis result of sludge with Fourier Transform Infrared Spectrometer (FT-IR) of petrochemical treated wastewater
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8

using initial pH of 6, voltage of 20 V and retention time of 25 minutes.



APPENDIX D

Standard Electrode at 25 °c
Table D-1 Standard Electrode at 25 °c

Half Reaction Standard Electrode (Volt<)
L +2 <> 31 0.536
Lz} +2e <> 2I 0.5355
Lag)+2 <> 2T 0.620
Cu +e €> Culs) 0.521
H,S0, + 4H +4ea <> S(s)+3H. 0.45
Ag CrO(s) +2e <> 2Ag(s) 0.446
VO 2H +e <> 0.361
Fe(CN), ~e <> Fe 0.36
Cu' +2 <> Cu 0.337
U0, +4H + 2e 0.334
BiO +2H +3e 0.32
Hg,Cl(s) +2e <> . 1 0.368
AgClis) +e <> Ag(s) £C1 : 0222
80,7+ 4H +2e ). s ' 017
BiCl, +3e <> facl, U 0.16
Sn'"+2e €3> So” ol 0.154
Cu +e <> Cu 0.153
S(s)+ 2H +2e <> 0.141
TiIO” +2H +e 4> 0.1
AgBr(s) te 0.095
8,0 +2 ¢> 2507 v 0.08
Ap(S,0), +e <> Ag(s)+28,0, 0.010
M +2e <> Hyg) b 0.000
Pb+ 2e Phs o 0.126
Sn"+ 2e 2 : -0.136
Aglis) e <> LAKE -0.151
Cl=e > G -';' " -0.185
Ny(g)+5H +4e €5 NH; -0.23
Ni+2 €> Nii -0.250
v +e s " -0.255
Co' + ‘ -0.277
wwﬂmw UIN? =
-0.336
ammmm YRIAINYAY
QCd +2e (—) Cd (s) -0.403
F-— R ~oan
2C02(5}F2H +2e (—) H,C,0, -0.49
G +3e > Cild) -0.74
Zn 2 <> Zn(s) -0.763
Mn™ +2e <> Mn(s) -1.18
A" +3e €3> Al(s) -1.66
Mg +2e <> Msg() 237
Na +e €3> Na(s) 2714
Ca +2e <> Ca(s) 287
Ba +2 <> Bal(s) -2.00
K+e <> K@) -2.925

Li+e <> Lis) -3.045



Table D-1 Standard Electrode at 25 °c
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Half Reaction

Standard Electrode (Volt<)

F2)+2H +2e <> 2HF(aq) 3.06
O(e)+2H+2e <> O(+HO 2.07
5,0, +2 ¢> 250 201
Co te <> Co 1.842
H0,+2H +2 4> 2HO 1.776
MnO, +4H +3e <> MuO,(s)+2H,0 1.695
e & e

HCIO+H +e <>  UCLig+ 1.63
HIO, + H.+2e <> "+ 3H, 1.60
BrO, + 6H +35e <> 1.52
MnO, +8H + Se > 1.51
Mn e <>  Mn

ClO, + 6H + Se 1.47
PbO,(s) +4H +2Ze 1.453
ClLig)+2e <> 1.359
Cr,0," + 14H +6e 133
T +2e <> 1.25
10, +2C1 + 6H +4e 1.24
MnO,(s) + 4H +2e 1.23
O () +4H +4e <> 1229
10, + 6H + Se 1.195
10, +6H +5¢ <> 1178
Se0,” +4H +2e 115
Br,() + 2e 1.065
Brfag) +2e <> 1.087
ICL, + e © WLE* 2¢r ﬁ, 1.06
V(OH), +2H +e <> * = 0 1.00
H1102+H++e = 1.00
PdT+2e <> 0.987
NO, +3H +2e 0.94
M 26 &> 0.920
HO'+H20+2e = 0.88
Cu 4T +e & 0.86
v ﬂmm ‘Vlﬁl\“mw eInNq o
Ag +e 0.799
ng + Ze 2Hg(l)

Q‘Wﬁ*ﬂﬁ\ﬂ‘im URINYIQY

HQSeO +4H +4e € Se(s) +3H,0 0.740
PtCl +2e €3  Pt(s)+4Cl 0.73

CH,0,(quinone) + 2H +2e <> C,H,(OH), 0.699
Ofg)+2H +2: <> HO, 0.682
PtCL7+2e €3> PCL7+2CT 0.68

He,S0s)+2e 4> 2Hg(h)+S0,” 0.615
Sh,0,(s)+ 6H +4e 4> 28b0" + 3H,0 0.581
MnQ, +e €> MnO,” 0.564
HAsO,+2H +2¢ < HAs0,+H0 0.559
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APPENDIX E

The calculation for electricity cost

For example: Wastewater 1L. Size of electrode is 10.5 cm X 5 cm X 2mm the distance

between electrode 1.5 cm and applied voltage 20 V current 0.82 Amp. The retention
time is 3 minute.

1. Electricity in Faraday’s uni

Electricity

2. Calculation of current d

C =I/A"

3. Calculation of power réquirement

mummmwmm
AN SR &'

4. Calculation of electricity cost
Electricity cost = energy x cost/unit
=8.2%1.8047%1.07

= 15.38 Baht/m’
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