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Ab tract 

The aIm of thi the i v. a to evaluate the p tential u e of electrocoagulation in the treatment of carbide 

IUlT). \\ hlch I \\ a le\\ ater generated during the production of acetylene. e\ eral experiment u ing an 

electrochemi al batch reactor v. ere carried out at different current densitie . ranging between 140 -290 

A m�. Pure aIr ( A Y tern) and 1 000 of carbon dioxide in air ( A sy te rn )  were upplied to ensure 

good mn,ing and ol ution homogeneity,  Al uminum plate were used a electrode , paced apart and 

connected to a D pO\\ er upply. fter 3 hour , amples from treated e ffluent and wa te s lurry were 

col lected and analyzed for total di ol ved ol id (TD ), total hardne s (TH) ,  and chemical oxygen 

demand (COD), in addition to electrical conduct i \  i ty ( EC) .  

Re pon e surface methodology (R M )  was u ed to de ign a matrix of experiment in order to  optimize 

the condition for the treatment process and impro e product qual ity over that achie ed by current 

condition . Box-Behnken de ign ( BBD)  i a tool for multi ariable opt imization. It could be concluded 

that the qual ity of the treated \i astewater as wel l  as the generated by-products could be enhanced 

through contro l l ing the operating condition in the electrochemical reactor The highe t reduction 

efficiencie for the EA ystem were 47,5%, 47 .8%,69.7%,36. 1 %, 71.4% and 53% for COD, TH.  EC, 

pH.  TDS and sal ini ty. respectively under speci fic conditions and the overal l  optimum conditions for 

the hlghe t Oo reduction i under 1 2. 27.5 and 284 NIT?' as pH, temperature and current density,  

respectively. On the other hand, for the CA sy tern, the highest reduction efficiencies were 42%, 75<}0, 

730 o. 46. 73 and 74% for COD, T H .  EC, pH.  TDS and sal in ity. re pectively under speci fic conditions 

and the 0\ era l l  optimum condition for the highest % reduction is  under 1 2, 35 and 2 1 3 .5  Nm2 as pH,  

temperature and current density,  respectively. The highest CO2 capture efficiency \ as 84%. 
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C H A PTE R ONE : I TRO DUCT I O  

1 . 1 .  PRO B L E M  TATE 1 ENT 

The E J facmg \, ater car ity i ue due to the rapid gro v\ 1h of population a wel l a the 19nificant 

JI1du trial developments in recent year . Con equent l , the UAE gove rnment ha considered the 

treatment of \-, a tewater a a \ iable altemat i \  e in order to increa e the water reserve . Industrial 

wa te\\ ater contain e\ eral contaminant that pose seriou risks on water resource uch a urface 

\-, ater ( lakes, rivers, and ocean ) and groundwater. Examples of those pol lutants incl ude organics, 

heavy metal and nutrient . everal technologies have been \ idely used for wastewater treatment for 

better qual it  e ffluent that can be either discharged afely into receiving waters or re -used for other 

appl ication uch a cool ing and agricul ture .  Example are physicochemical and biological methods 

uch a acti \  ated s ludge proce (ASP),  membrane bioreactor ( M BRs),  aerated lagoons, wetlands, 

ad orption, and ion exchange. Imp lementat ion of electrochemical treatment as a pretreatment method 

could also contribute to impro \- i ng the quality of the treated effluent. 

In the UAE,  acetylene is  produced by E mirate Industrial Ga e Co. ( E IGCO) US 1l1g the 

carbide proce in their Acetylene P lant in Dubai .  The company produces an average of 2370 kgld of 

acetylene, \-'hi le  ut i l izing about 5960 kgld of calcium carbide in a special ly designed reaction chamber. 

A a result ,  the company generates 3500 to 4500 metric tons/yr of ca lcium hydroxide as a by-product 

\\ a te o  

The generated s lurry i s  drained from the reaction chamber and pumped into a holding pond, 

where the calcium hydroxide settles out. The carbide l ime is  then removed from the pond and al lowed 

to dry to a moisture content of about 25%, before it i s  sent for d isposal .  This huge amount of waste 

represents a maj or environmental and econOlnic chal lenge to the company and to the UAE as a whole. 

Indust rial wastewater permitted for d ischarge to the Dubai Municipal ity ( DM )  sewerage sy tern should 

be \\ ithin the DM effluent quality standards shown in (Table I )  
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Para meter 

BOD. mg L 

COD. m b  L 

p H  

TDS, mg L 

Table I: :-'1aximum Al lowable Limits for Di charge to DM y tern ( D}'1. 2003 ) 

Ma�imum Limi t  Max imum Limi t  Maxjm u m  Limi t  

e" age Harbor Open ea (Gulf) 

Ph ico - chemical 

1 .000 30 30 

3,000 100 100 

6 - 10 6-9 6-9 

3,000 1 ,500 1 ,500 

Temperatur , °C 45 or > 5 of ambient 35 35 

The proce s of wa te\\ ater treatment involve many chal lenges that are not l imited to the teclullcal 

goal o f ma x.imizing \ vater qual i t  . I n  d eloping any wastewater treatment process, the main factors to 

be con idered are : em iro runental impact (emi ion of gases uch as carbon dioxide; CO2), energy 

efficiency. and cost-effect iveness. Recently, many \ astewater treatment units were employed 

\ vorl d v\ ide, each one ha ving it advantages and di advantages. E lectrocoagulation requires simple 

operation. thus making i t  an environmenta l ly  friendly when compared to chemical coagulation and 

other treatment proce se that require l arge areas for treatment fac i l it ies ( Veps al ainen, 20 1 2) .  

Therefore, the potential use of electrocoagulation (electrochemica l )  process for industrial 

wa tev. ater treatment whi le capturing CO� wa worth inve tigating on the physical and chemical 

parameter such as chemical oxygen demand (COD), total hardness (TH ) ,  total suspended solid (TSS ) ,  

total dissolved sol id (TDS), e lectrical conductivity ( Eq, p H ,  sal inity, fi l terabi l i ty and settleabi l ity. 
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1 . 2 .  R E  E R H OBJE TJV E 

The main  o bJecti \ e  of thl  re earch \\ a to im e t lgate the performance of electrochemical reactor to 

reduce the aD. TD , EC, TH and pH u ing air ( E  y tem therea fter) and 100 0 car bon dio ide (C02) 

In a lr ( y tem ther a fter). 

Thi main objective can be di ided into the following ta k : 

Part 1: Perfonn comparative tudy of EA and A tem at different operating condition uch as 

current den ity, temperature and Init ia l  pH in tenns of the effect on water quality and s lur ry 

chara tenstlCS. Till includes :  

1 . 1 .  ater quality \\ ith re pect to TH , TDS, COD, electrical conduct ivi ty, and sal inity 

1.2. lurry \\ a te characteri t ic such as fi ltera bi l ity and sett lea bi l ity 

Part 2: Conduct tat i st ical analy i on t he e perimental result to detennine the sign ificant operating 

parameter affecting the reduction of TR TD , COD, and sal inity in car bide lurry wastewater. The 

model predictions are then compared with experiment re ults .  
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1 .3. OR �IZA TIO � O F  THE T HE J 

Thi · the I con I t of ft\ e chapter . hapter I inc lude intr duction, pro blem tatement, and research 

o bJect l \ es .  hapter 2 pre ent a general re\ ie\  of the l i terature related (0 the tudy. Chapter 3 e plains the 

methodology fol lowed to achie\ e the research o bjective . Chapter 4 presents detailed di cus ion of the 

re 'ult  o bta Ined from the la boratory cale experiment . Chapter 5 summarizes the conclu ions drawn from 

thl  tudy, h ighl ight the re earch contri bution , and offers recommendation for future work 
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C H A P T E R  Two : L I T E RA T U R E R EV I E W  

2. 1 .  W TEWAT E R  C H A RACT E R l  T I  

Wastewater refer to the type of \\ ater. \\ here the quality ha been adver ely affected and mu t be 

treated before being dl charged to urface \\ ater . Each ource of wastewater might contain different 

t) pe� of pol lutant , \\ ith d l \ er e characteri t ics. Type of wastewater comprise, but are not l imi ted to, 

munic ipaL agricultural \\ a te\\ ater , and indu trial \Va tewater. Sources of municipal  wastewater 

include dome tic and non-dome tic ource (Tchobanoglous and Scllroeder, 1 987) .  

, on-dome tic \\  astewater, a l  0 known a industrial wa tewater, is the water that originated 

from commercial  or industrial e tabl ishments ( Fig. I ) . The properties of the water wi l l  depend on 

multiple factor uch a cl imate and the quality of water upply. The flow of the wastewater IS 

contingent to the demographic  and level of industria l izat ion of the area ( M etca lf  and Eddy, 2003 ) .  

CSO 
tNatm�' iaClhty ___..-----.. 

Figure 1 :  Sources of wastewater ( Metcal f  and Eddy, 2003 ) 

For the treatment of Industria l  wastewater the chemical, biological and physical propel1ies of the 

influent and the effluent are u ua l ly  analyzed. 
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• a lc i u rn  ( a +
2
) uppl Je  re u l t  from pa age 0\ er depo it of l une tone dolomite. gyp urn. 

and gyp i ferou hale. a lc ium contribute to the total hardne of water ( Water Environment 

Federat ion. 1 999). Concentrati n of calcium, ill normal potable ground\-vater, are general l  

bet\\ een 1 0  and 100 ppm. alcium in the e concentrat ion ha no known effect on the health of 

human being or animal . l ndeed, a much as 1000 ppm of calcium may be hannle . The 

\\ ide pread bel ief that ca lcium in water cau e hardening of the arterie , kidney tones, and l iver 

ai lment is v" ithout factual upp rt . The rno t commonly n t iced effect of calcium in water is i ts 

tendenc to react \\ i th soap to form a precipitate called oap curd ( Hamad. 2008)  . 

• 1\ l agne i u rn  ( l\1 g+2
) occurs commonly in the minerals  magnetite and dolomite . Magnesium is  

an important contributor to  the hardness of water, magnesium salts break down when heated, 

fonning cale in boi ler ( Water En i ronment Federation, 1 999).  

E:\ceptional ly 10\\ value of magne ium and calcium are found in orne waters, which ha e undergone 

natural oftening by cation exchange.  Most commonly, clay wi l l  exchange sodium, if avai lable for 

both .  magne l Um and calcium ions ( Hamad. 2008) .  

3- Alka l in ity of water may be due to the presence of one or  more of a number of ions .  These 

inc l ude hydroxides carbonates and bicarbonates 

( wv.w.freedrinkingwater.com ). 

4- Chemical  Oxygen Demand  (COD) i s  u ed to indirect ly measure the amOlmt of organic 

compound in water. Most appl ications of COD determine the amount of organic pol lutants found 

ill surface water (e.g. l ake and rivers) or wastewater, making COD a useful measure of water 

quality. It is expre sed in mi l l igrams per l i ter (mgIL) also referred to as ppm ( parts  per mil l ion),  

", hich indicates the mass of oxygen consumed per l i ter of o lut ion. 

5- Sal in ity i s  the sal t iness or dissolved salt content ( such as sodium 

chloride, magnes ium and calcium su lfates, and bicarbonates) of a body of water or in soi l .  Sal inity 

IS an important factor in  detennining many aspects of the chemistry of natural waters and of 

biological processes within it ,  and lS  a thermodynamic state variable that, along 
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\\ i th temperature and pre ure, governs phy ical characteristic l ike the den ity and heat capacity of 

the \v ater 

6- E lectrical onduct ivi ty ( EC )  mea ure the abi l ity of v" ater to pa an electrical current. 

onductn lty in  \\ ater i affected by the presence of inorganic di oh ed sol id such a chloride, 

nitrate, u l fate, and pho phate anion ( ions that carry a negative charge) or odium, magnesium, 

cal i um. iron, and a luminum cations ( IOns that carry a positive charge) ( \V\V\v.epa.gov). 

2 . 1 . 3 .  B I O LOG I C  L P R O P E R T J  E 

There are d ifferent type of biological const itute of indu trial wastewater. For example :  v I ruses, 

bacteria, protozoa, algae, and fungi ( M etca lf  and Eddy, 1 979; Si ncero and S incero, 2003) .  The 

\\ aste\\ ater treatment hould be elected ba ed on the type of the microorgani ms existing. Bacteria 

pIa) a main role in decomposition of organic material and wastes, both in the environment and in 

\\ a tewater treatment .  There are some u eful bacteria in wastewater treatment, such as the 

n itro amana and ni trobacter, which are re pon ible for n i trification and denitrificat ion respectively 

( 1 ul l Jgan, _002) .  M eall\\ hile, other bacteria l ike Escherichia Col i or other col i form bacteria are often 

l lldicator of h uman and animal pol l ut ion. H uman depletion of water or food contaminated with 

col i form bacteria can cause e\'ere hea lth problems and d isea e such as AIDS,  mad cow, cholera, 

typhoid ga troenteri t i s. bloody diarrhea, and death a shown in table 2 ( Aylesworth-Spink, 2009).  

Table 2 :  Types o f  micro-organisms in wastewater (Aylesworth- pink, 2009) 

1icroorgani m Size ( u rn) Disease 

Vlfuses 0.02-0.3 All pathogenic AIDS, hepati t is, mad cow 

Bacteria 0 . 1 - 1 0  Some are pathogenic: Cholera. typhoid 

Algae 1 - 1 00 Non pathogenic 
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Fungi FeVl UJTI- e\'eraJ em Man are nonpathogenic 

Protozoa 1 0-300 me are pathogenic: Amebic dysentery, malaria 

2.2. WA T E W AT E R  T R EA T M E N T  M ET H O D S  

\ a tev. ater treatment characteristics are clas i fied into chemical,  bio logical and physical divisions. 

Furtheml0re, each case may need more than one treatment; i t  depend on the qual ity of the wastewater 

i tself. Ph) ical ,  chemi al and biological methods are u ed to remo e contami nants from wa tewater. In 

order to achie\ e d ifferent levels  of contaminant removaL waste-water treatment procedure are clas ified as 

primary, ecolldary, and tert iary waste-water treatment as shown in  Fig 2. Industrial waste-water treatment 

operation are treated by everal methods in order to reduce the organic content and make it suitable for 

final di posal or reuse. 

Figure 2: Wa te-water treatment unit operation and methods (AyleswoI1h-Spink, 2009) 

• Screening 

Physica l un it operations 
• Flow equal i zation 

• Sed imentat ion 

• F lotat ion 

• Chemical  Precip itat ion 

• Adso rpt ion 
Chemical  un it operations • Dis i nfection 

• Other chemica l  app l i cat ions 

• Activated sl udge process 

• Aerated lagoon 

Biologica l un it operations t----> • Pond Sta b i l izat ion 

• Anaerobic d igestion 
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2 . 2 . 1 .  P H \  I \ T R E  T '\1 E :\  T l E T H O D  

Thi 1 11 \ 01\ e the u e o f  phy Ical proce for the remm al of different pol l utant . .  The e include: 

creenlng. mixing. conunination. edimentation, fi ltration. floatation, flow equal ization and aeration 

( I Dcero 2003) .  

• C R E E � I ,  

I t  i one of the old t treatment method and i t  u es to remove gross pol l utant from the \ a te stream to 

protect d \\ n tream equipment from damage. creening de ices may consist of paral lel bar , rod or 

\\ ire . grat ing. \\ i re me h, or perforated plates, to interrupt large floating or suspended materia l .  The 

opening ma be of an hape, but are general ly  c ircular or rectangular ( M etca lf  and Eddy, 2003 ). 

• S E Dl  'I E :,\ TA T I O �  

I t  i a \\ idel) used unit  operat ion in \ a tewater treatment, include the gra itational set t l ing o f  heavy 

part icle su pended i n  a mixture. I t  i s  used for the removal of grit ,  particu late matter in  the primary 

ett l ing ba in .  biological floc in the activated l udge ett l i ng ba in, and chemical flow when the 

chemical coagulation proces is used. edimentation takes place in a settl i ng tank, also referred to as a 

clarifier. There are three main des ign : horizontal flow sol ids contact and incl ined surface ( Metcalf and 

Edd, , 2003 ). 

• FLOA T A T I O �  

I t  i a unit operation u ed  to  remove sol id or  l iquid particles from a l iquid phase by  introducing a fine 

ga , usually air bubbles. The gas bubbles either adhere to the l iquid or are trapped in the part icle 

structure of the suspended sol ids then raising the buoyant force of the col lect i  e particle and gas 

bubbles.  Particles which have a h igher density than the l iquid can be made to r1 e. In waste-water 

treatment, flotation is used to remove suspended matter and to concentrate biological s ludge. The 
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v anou Ootat lOn method are hO\l, n 10 table 3 .  \\ hi le  a typical flotation unit  i l l u  trated I J 1  Fig 3.  

( 1etca lf and Eddy. 2003 ) .  

A I r  flotation 

Chemical additi \ e  

Table 3 :  FlotatIon method ( etcalf and Edd . 2003) 

The IIlJccllon of aIr \\ h l le wa te\\ ater i under the pressure of c\ cral atmosphere . After a 

short holdlllg timc, thc prc ure i restored to almo phenc level, a l lO\ving the air 10 be released 

as minutc bubbles. 

The I I1troduction of ga into the l iquid phase directly by mean of revolving impeller or 

through dl ffu er . at atmo pheric pre ure. 

The aturation of waste\\ aIel' \ i th air  elthcr directly in an aeration tank or by pemlitting air to 

enter on the suctIOn ide of a wa tcwater pump. A partial vacuum is applied. causing tbe 

di o lved air to come out of olution a minute bubble which ri e with the attached solids to 

Ihe surface. \\ here they form a cum blanket. The scum is  removed by a kimming mechanism 

v. h t le  the ettled grit is raked to a central sump for removaL 

Chemical further the notation process by creating a surface that can ea ily adsorb or entrap 

air bubble . I norganic chemical (a luminum and ferric al ts and activaled s i l ica)  and various 

organic polymer can be used for thi purpose. 

I II 

,g l  

Figure 3 :  Typical  flotation un i t  ( Metcalf and  Eddy, 2003 ) 
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2 . 2 . 2 .  C H  \- I I C A L  T R E A T  I 'i T  M E T H O D  

Chemical pr e e u ed In w a  tewater treatment are de igned t o  bring about orne form o f  hange by 

mean of chemical reactions ,  \\ here a chemical react ion or tran format ion take place ( incero. 2003 ).  The 

main chern! al lll1 lt proce e .  inc luding chemical prec ipitation. ad orption. di infect ion, dechlorination and 

ther applicatl n . 

• C H D1 I C\ L P R E C I P I TA T l O� 

hemlcal coagu lat ion encourage the flocculation of d i \  ided ol id into more ettleable flocs. ( Table 4) .  

The degree of clarification depend on the quantity of chemical used. Chemical coagulants that are 

commonl 1I ed in \\ a te-\\ ater treatment include alum ( A l�( 04)3. 1 4 . 3  H20), ferric chloride ( FeCI3.6H}0), 

Organic polye lectrolyte are orne t imes u ed as flocculation aids (Metca lf  and Eddy. 2003 ) .  

Table  4 :  RemO\ al e fficiency o f pJain sedimentation v . chemical precipitation (Metcalf  and Eddy, 2003 ) 

Parameters Percentage remo aJ 

P lain sedimentation Chemical precipitation 

Total suspended sol id  ( TSS) 40-90 60-90 

BOD, 25-40 40-70 

COD 30-60 

Pho phorus 5 - 1 0  70-90 

B acteria loadings 50-60 80-90 

• A D SO R PT l O :\  

I t  i s  the process o f  col l ect ing soluble sub tance within a solution. I t  i s  aimed a t  removing o f  the remaining 

dissolved organic matter. Activated carbon is  produced by heating char to a high temperature and then 

activating I t  by exposure to an oxidizing gas at h igh temperature. The internal surface area was created by 

developing a porous from the gas. The activated carbon can then be separated into various sizes with 

different adsorption capacit ies .  The two common type of activated carbon are granular activated carbon 
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), \\. hlch ha a diameter greater than 0. 1 rnrn ( Fig. 4) ,  and powdered act i\ ated carbon ( P  C),  \\. hich 

ha a dIameter of Ie than 200 me h ( etca lf  and Edd . 2003 . 

col.a::nn tlucm 

PI urn :>.  

In 

FIgure 4 :  A typical granular activated carbon contactor (Metcal f  and Eddy, 2003) 

• D I  I ;\' F ECT l O ;\'  

I t  I S  a proce where a s ign ificant percentage of pathogenic orgamsms are k i l led or control led. A 

di i nfection efficacy i s  most often measured using " indicator organism " that coexist in high quantit ies 

\\ here pathogens are present .  The most common chemical d is infectants are the oxidizing chemicals and of 

these. chlorine i s  the most widely used ( Metca lf  and Eddy, 2003 ) .  

In  addition to  the chemical processe described above, various other appl ications are occasional ly 

encowltered in  waste-water treatment and di posa l .  Table  5 l i sts the most common appl ications and the 

chemicals used. 
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Table 5 Other chemical appl ication in \'v a tewater treatment and dl po al ( Metcal f and Eddy. 2003 ) 

It lion 

aLmcnl 
tJrc� remcn al 
B< ID rdu t lUn 

rH oRtrol 
crrous ulfat OXldJUOR 

liter - pond Jn ' control 

I il l r - fly .:ontrul 
lud!!�-bul m: control 

DI 'I:�lcr supernatant 0 idation 

DI 'I!slcr and I mhoff tmk foamiD!! conlrnl 

• mrnonl' 0, Iclalmn 

( dour ontrol 

), HUllon ot rt'rrncLo� onr.JDjc romp unm 
ipO'hlJ 

Ba lc'rial ITJu Ilon 

CI� 
( J=. O, 

I\.OH. {tOil. Ca.t H b  
<. I� 

I� 

I�. H:�. 03 
CJ� 

Ie 
I� 

CI�. H:�. 0) 
OJ 

2 . 2 . 3 .  B IO LO G I CA L T R E A T l E :'I: T  M E T H O D  

dded be for preaerauon 

Ox id;]lion of or l!aD IC sub Lan 

Production of femc sulfate and ft"mc hlonde 

Re IdU;]J al filter nozzle 

R Idu;J] at filler nozzJ used dunng 11y seJ...-.on 

T empomry onlrnl m iL\UTe 

Com e ion 0 f IImmon II) La mlrol!cn l!.J-\ 

Plant dl1 ucnL o\'c:rflO\\ . and stonnw;]tcr 

1 icro-organism . particu larly bacteria. are commonly used to convert the col loidal and dissolved 

carbonaceou organic matter into variou gases which removed in sedimentation tanks at the end . 

Biological proce es are u ed in conj unction with physical and chemical proce es .  The main objecti e of 

the bIOlogical treatment i reducing the organic content (measured a BOD, TOC or COD) and nutrient 

content ( nj trogen and pho phoms) of waste-water ( M etca lf  and Eddy. 2003 ) .  

Biological proces es used for waste-water treatment may be c lassified into five major headings: 

./ Aerobic proces es (activated-sl udge) 

./ Anoxic processes; 

./ Anaerobic  processe 

./ Combi ned processes; 

./ Pond processes. 
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• R B I  ( CT IVA  T E O - L lJ OG E )  

I t  I S  a n  aerobic, contmu u -flO\\ tern ha\ ing a rna of acti ated micro-organi m to stabi l ize the organic 

matter The proce con I t of di tnbuting l ari fied \Va te-water, after primary sett l ing, into an aeration 

ba In \\ here 1 t  i mixed with an active rna of micro- rgani m , mainly bacteria and protozoa, which 

aeroblca l l  degrade organic matter into carbon dioxide, \J ater, ne\ cel ls ,  and other end products ( Metcalf 

and Eddy, 200 ) .  Fig 5 how the typical flow diagram for an activated-sl udge proces 

� Gnl Sludge 

t r t 
Influent .. &r � Gnt PriIrulJ) 

� loCdUneJll - � 
Rae Chamber >omo 

J t�: 

Waste 
dudgc 

�Uo" 1 SdOm 
t.ank tmk 

Rc::tum slu� I 

CL2 0c 
NBOCI 

1 Chlorine 
conlact 

chambc:r 
EffiU!jt 

Figure 5 :  T plcal now diagram for an activated-sl udge proces (Metca lf  and Eddy, 2003)  

• A E RAT E D  L,'\GOO N S  

An aerated l agoon i a ba  in  ben ... een  1 and 4 meter in depth in  which waste-water i treated either on a 

flov. -through bas i s  or wi th ol ids recycl ing. The microbiology i nvolved in  thi process i s  s imi lar to that of 

tbe acti\ ated- ludge proce . Howe er, d ifferences arise because the large surface area of a lagoon may 

cau e more temperature effects  than are ordinar i ly  encountered in convent ional acti ated-sl udge processes. 

Wa te-water i 0 ·ygenated by surface, turbine or d iffused aeration. The turbulence c reated by aerat ion is 

u ed to keep the content of the basin in suspension. Depending on the retention t ime, aerated l agoon 

effl uent contains approximate ly  one third to one half the i ncoming BOD value in the form of ce l lular mass. 

Mo t of the e sol ids mu t be removed in a sett l ing basin before fmal effluent discharge ( Fig. 6)  ( M etcal f  

and Eddy, 2003 ). 

Screenings 

t 
Bar 

Racks 

Sl udge 

r - - - - - - - ��-���� - - - - � 
I I 
I I I 
I 

.... � 
Chlorine 

contact 
cluunber 

E ft1 u�t 

Figure 6: Typical now diagram for aerated lagoon ( Meteal f and Eddy, 2003 ) 
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2 . 3 .  E L E  TRO 0 C U L  n O N  P ROCE 

In an e lectroc agulation pr  ce  , the coagulating ion are produced in situ' and it incl ude three tages : ( i) 

matenalizatlon of coagulant by electrolyt ic oxidation of the ' sacri ficial electrode' ,  ( i i )  deterioration of the 

pol lutant , particulate u pen ion, and breaklng of mixture and ( i i i )  combination of the de tabi l ized phase 

to [om1 floc a sho� n in Fig . .  The deterioration mechanism of the contaminant , particulate llspension, 

and breaking of mi»ture ha\ e been de cribed in broad steps and may be abridged a fol low ( Mol lah et a!., 

200-L Hasan, 20 1 2 );  

• ompre Ion of the diffu e d uble heet around the charged types by the interactions of ions 

produced b oxidation of the acri ficial  anode. 

• C unter ion obtained by the electrochemical dissol ution of the anode reduce the electrostatic 

inter-part Ic le repulsion, therefore causing coagulation. They are used to charge neutral ization of 

the iom pecies pre ent in wastewater . As a re u l t  of coagulation, floc is formed. It fonns a 

blanket that ab orb col loidal part ic le i n  the aqueous ubstance. 

In e lectrocoagulation, cathode and metal anodes are u ed to te t water. The cathode could be stainles steel 

or graphIte, but the choice of the anode metal rel ie  on the wa tewater compo ition. Appl ied current pa ses 

through the metal e lectrode, and oxidizes the metal ( M )  to its cation ( Mo+). Electro oxidation of the 

acri ficial metal anode generated in situ A13+ metal ions, when a DC field was appl ied (Chen, 2004) .  

Result ing from the oxidation of the  water, hydrogen ( H+) and oxygen are usua l ly produced a t  the anode. 

Due to the water reduction, hydrogen and hydrogen oxi de ( OR) are generated at the cathode ( Abuzaid et 

a l . ,  1 998) .  Cationic monomeric species (ex :  A13- and Al (OHhj are created by the elctrooxidation of the 

aluminum anode. At certain pH values, they are converted to Al (OH)3 at first, and then polymerized to 

Aln( O H )3 according to the fol lowing reactions ( H asan, 20 1 2) :  

1 6  
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Depending on the pH,  ub lance uch a l (OH 2 . I c(OHh4 and Al( OH)4- are precipitated ( Eq 4 to 7 

and Fig.7) .  

(4 )  

AI(OH)2 T H;O -+ I (OH )� - ]  t ( 5 )  

( 6 )  

( 7 )  

- "  -

1I ----��--��--------------------------��--� 

u ) pH 8 10 L �  1 -1  

Figure 7 :  Aluminum solubil ity d iagram (Hasan . ,  20 1 2 ) 

The amount of metal di solved proport ional to the appl ied cun-ent density and IS  calculated USll1g 

Faraday' law. 

itAl 
tl = 

l i P 
( 8) 

W here \v is the quantity of e lectrode material dissolved ( g  of M/ml) i the cun-ent dens i ty ( A  Icm\ t the 

t ime in : M the relative molar mass of the e lectrode concerned, n the number of e lectrons i n  

oxidatio!llreduction react ion and F the Faraday's  constant, 96,500Cmol- l . 
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Accord Ing to ep alai nen (201 2) ,  a luminium is more uitable electrode material than Fe ( I I )  for 

e leclrocoagulal 1On appl ications, becau e it produce J (ll)  pecie . Metal ions and hydroxide produced by 

iron electrode are Ie s effect i\  e in the de tabi l i  ation of pol l utants becau e iron electrode produce more 

oluble and Ie charged than Fe( I l )  pec ies. However, Fe( I I )  can be effect ive in ulphide remo\ al  

applIcation . There are orne parameter that affect the di olut ion of the electrodes such as:  Current 

den lty, treatment t ime, temperature and electrolysi cel l  con t ruct ion . However. it seems that these 

parameters have negl igible igni ficance in the destabi l ization of the pol l utants be ides thi effect .  Init ial  pH 

and final pH ha\ e an effect on the di  o lut ion of electrodes, but they also define what aluminium or i ron 

pecle  are formed In the ol ution and have an effect on the z-potential of al l charged pecie in the solution. 

According to the re u l t  oC the tudy by ep alainen , 20 1 2 ) . ,  destabi l i sation mechanisms of poll utants are 

the arne by electrocoagulation and chemical coagulation. 

An i m e  l igat 10n of the "removal of COD and suspended ol ids in wa tewater treatment by combining field 

and elctrocoagulation technology" \ as carried out by N i 'am et a! .  (2007). Batch experiments were carried 

out u Ing two monopolar i ron plate as e lectrodes. The DC current Llsed was between 0.5 and 0.8 A, using 30 

and 50  minute as operating times. M i l k  powder with an in i t ia l  COD of 1 , 1 40 mglL and suspended solids of 

1 AOO mg L in acidic condi t ions ( pH=3 ) was used for the preparation of the wastewater samples. In that 

s tudy. the effl uent \\ a c lear with turbidity of 9 NTU and 30.6 and 75 .5% remo al  efficiency of TSS and 

COD respectively. The qual i ty of the effluent was above direct discharge standards and the resu l ts proved 

that e lectrocoagulation could neutra l ize the p H  of wastewater ( i 'am et a t .  2007) .  

The efficiency of electrolytic treatment, electrocoagulat ion app l ied t o  dairy effl uents, was inve tigated by 

Tchamangp et a ! .  2009. Solutions of mi lk  powder were used to prepare art ificial wastewater. A sol uble 

a luminum anode was used during the experiments, generating floes that were then separated through 

fi l tration . The resu l t  demonstrated that turbidity was reduced by a 1 00%, whi le nitrogen and phosphorus, 

were reduced by 8 1  and 89% re pectively. The reduction of the chemical oxygen dem and (COD) only 

reached 6 1 0/0• The latter could be explained by the fact that, s ince lactose was not ful ly el iminated, COD 

reduction was affected (Tchamango et .  a1 2009) .  
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The efficiency of electrocoagulatIOn wa al 0 exanuned In a study by Malkootian and Yousefi ( 2009) 

through a pi lot fac i l i ty,  u i ng drinking v. ater. A re ervoir "\ Ith a luminum heet electrode , connected a 

monopolar. and a power 'upply for e lectrical current were u ed to make up the pi lot plant.  The s stem wa 

tested at d ifferent t ime i nterv al , vol tage and pH.  The re ul t  demon trated that water hardne was 

removed at 95 .60 0 ,\ hl le the h ighest removal rate v a achieved at pH= 1 0. 1 ,  a 60 minute detention t ime and 

potent ia l  d i fference of 20 \ olt ( Malakoot ian and You efi 2009) .  

Feng1 ian and \Vang (20 1 0) carned out a general rev iew of the methods u ed to remove heavy metals from 

\\ a tewater. They concluded that ion-exchange, adsorpt ion and membrane fi l tration are the most frequently 

tudied for the treatment of the remO\ a l  of heavy metals from wa tewater ( Fenglian and Wang, 20 I 0). 

In pite of the con Iderable amount of l i terature on the use of electrocoagulat ion, there is st i l l  a need for 

further re earch to i mprO\ e the perfonnance of electrocoagulation processe towards developing cost

effect l\ e, em i ronmental ly  friendly, and sustainable process at wide ranges of appl ications. Many process 

deficiencie can be addre ed such a the lack of deta i l s  on the design of an electrocoagulation reactor . 

Phy ical i sue uch a reactor geometry and current dens i ty play vital role in  the design of an 

electrocoagulation reactor. For i nstance, the recommended current den i ty I in the range of 1 0- 1 50 

A m2 t hrough which h igh current den i ty is appl ied whi le separation process occurs, whereas low current 

den Ity i uitable with convent ional  sand fi l ters. Furthem10re, the operation mode, and the chemical 

i nteraction of the ystem have significant effects on the process perfonnance while electrodes material, 

passivation, and solution pH are important chemical factors to be taken i nto consideration ( Holt et aI., 

2004) .  
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U 
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Figw-e : A schematic diagram of an electrocoagulat ion cel l  ( Mollah et a I . ,  2004) 

2 .3 . 1 .  Zeta potential  

Zeta Potential is the potential at the shear plane of the sol id/l iquid interface (Cosgrove, 20 1 0) .  Degree of 

flocculation was indicated by measuring the zeta potential . When the magni tu de of Zeta Potential is high, 

col lOids undergo stabi l ization. Also, when the zeta potential i s  low, attraction exceeds repulsion and the 

dispersion w i l l  break and flocculate. So, col loid with high magnitude of Zeta Potential ( negative or 

poslti \'e) are electrical l y  stab i l ized whi le col loids with low magni tude of Zeta Potentials have a tendency to 

coagulate or flocculate as shown in Table 6 ( H asan, 20 1 1 ) . Eq. 9 is used to calcu late the Zeta Potential as a 

function of electrolyte vIscosity, potential gradient, and permittivity of the vacuum and solvent. 

20 



Table 6' olloid stabJ l i t  ba ed on zeta potential ( tern, 1 9  5 

Zet a  Poten t ia l  [ m Y ]  Colloid t abi l ity 

o t ±5 Rapid coagulat ion or flocculation 

± I O to ±3O Incipient in tabi l i ty 

±30 to ±40 Moderate stabil i ty 

±40 to ±60 Good stabi l ity 

> ±6 1 Excel lent stabi l i ty 

(9 ) 

Where � i the zeta potent ia l  (V) ;  J..l i s  e lectrolyte v i scosity ( kg/ms) ;  to and E are the permittivity of the 

\ acuum and o lvent respectively Cn- l m- l ;  E i the potent ia l  gradient appl ied ( Vim);  and IIp i s  the part icle 

veloCIty mobi l ity ( mJs) 

2.3.2 .  Carbon dioxide Capture a n d  Storage 

Carbon dioxide capture and torage is the process by which carbon dioxide emissions from power 

p lant and other i ndustrial faci l i t ies are captured to transport to a storage location and long-term 

i solation from the atrno phere. This proce s i s  being demon trated worldwide at conunercia l  scales, the 

role  of carbon dioxide capture i s  to meet the future c l imate goal s  without any pol lut ion. There are five 

guidmg principle uch as: protect human health and safety, protect ecosystems, protect underground 
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ource ' of drinkmg ' .... ater and other natural re ources and faci l i tate co t-effective, timel deployment 

( Dooley and Wi e . 2003 ) .  

Kn hna\ em and Palan ive lu  ( 20 1 3 ) tudied the al ternat ive \ a in  \\ orldwide for reducing the emis ions o[ 

greenhou e ga e , part icularly carbon dioxide. The e, i t ing technIques to eque ter carbon dioxide from 

po\\ er plant · are [ore tat ion. ocean ferti l izat ion. mi neral carbonation, underground injection. and direct 

o ean dump. I 0, i t  wa talking about the benefit of carbon dioxide product in disposal ide. Carbon 

dioxide ga ha a good value for making indu tria l ly u eful carbon ba ed products in the di spo al using in 

chemical proce ing.  Carbonation i capable of binding ignificant amount of carbon dioxide. New 

technologie and methods. \\ hich i l1 \ olve the u e of the carbon dioxide in the production of carbonate 

materials .  offer a ne\\ route to reduce the carbon dioxide concentration in the atmo phere ( Kri hna eni and 

Palantyelu,  20 1 3 ) 

2 .3.3. Response S u rface M ethod 

R 1 i a et of teclU1ique for de eloping a sene of experimental designs, determi ning relationship 

bet\\ een experimental factors and re ponses, and us ing these relationships for finding the optimum 

conditions by bui lding a model that describes the re ponse over the applicable ranges of the factors of 

intere t. and It i referred to as the fitted model i n  many industria l appl ications. because the re ponse can 

t hen be graphed a a curve in one dimension ( one factor of interest) or a surface in two dimensions (two 

factor of interest) ( 1ason et a1 .  2003 ; Jo et a ! .  2008) .  

RSM i s  u ed to identify new conditions that improve product quality over that achieved by current 

conditlOns. Box-Behnken design ( BBD)  is a tool for mult ivariate opt imi zation . It is a c lass of rotatable 

econd-order designs based on three-level factoria l  designs. The number of experiments (N) required for the 

de\ elopment of BBD is defined as =2k(k- l )  -rCo, (where k i s  number of factors and Co is  the number of 

central point ) .  For comparison, the number of experiments for a centra l composite design (CCD) is  N=2k 

-2k -Co. Tables 7 and 8 contain the coded values of the factor l evels for BBD on three, four and five 

factors. respectively. There are some advantages to u e the BBD design . First, the BBD design is more 
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efficIent than the central  compo ite de ign .  Table 9 e tabl i  he a compari on among the efficiencie of the 

B B D  and other re pon e urface de ign for the quadratic model .  econd, i t  i u eful i n  avoIding 

expenments perfonned under extreme condition . B B D  for four and five factors can be arranged in 

orthogonal bl ck , a  ho\\ n in Table . In thl  table, each (± I ,  ± J )  combination within a row repre ent a 

fu l l  22 design . Thl orthogonal blocking i a de irable property when the experiments have to be arranged 

111 block and the bl ck effect are l ikely to be large ( Ferreira et. al 2007) .  

Table 7 :  oded factor le\ c l  for a Box-B hnken design o f  a three-\"ariable  ystem ( S .L .e.  Ferreira et . al 2007) 

Ru nOrder  Xl  X2  X3  
1 - 1  -1 0 
2 1 -1 0 
3 - 1  1 0 
4 1 1 0 
5 - 1  0 -1  
6 1 0 - 1  
7 - 1  0 1 
8 1 0 1 
9 0 -1  -1 
10 0 1 -1 
1 1  0 - 1  1 
12  0 1 1 
C 0 0 0 
C 0 0 0 
C 0 0 0 

Table 8 :  Coded factor levels for Box-Belmken de igns for optimizations involving four and five Factors ( S.L.e. 

Ferreira et .  a l  2007) 

Four-factor Five-factor 
x ,- < x� < \ , <. \ ,  

± 1  ± 1  0 0 ± 1  ± 1  0 0 0 

0 0 ± 1  ± 1  0 0 ± 1  ± 1  0 

0 0 0 0 0 ± 1  0 0 ± 1  
± 1  0 ± 1  0 0 

± 1  0 0 ± 1  0 0 0 ± 1  ± 1  

0 ± 1  ± 1  0 0 0 0 0 0 

0 0 0 0 -

-
0 ± 1  ± 1  0 0 

± 1  0 ± 1  0 ± 1  0 0 ± 1  0 

0 ± 1  0 ± 1  0 0 ± 1  0 ± 1  

0 0 0 0 ± 1  0 0 0 ± 1  
0 ± 1  0 ± 1  0 
0 0 0 0 0 
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Table 9' ompanson of - efficiency of central composite design tCCD). Box-Behnken design ( BBO) and 

Ooehlert de Ign ( 0 1\1 )  (Ferrwa et. al  2007) 

um�r 01 cocfhclt"nlt.. fpl 

to 
1 0  

I � 

CCD 
<) 

1 5  

2 5  

41 

77 

I -n  
!B 

DM BBD 
7 

I � D 
2 1  25 

� I  -1 1  

-1 1  6 1  

"7 5 

73 1 1 3  

2 .4 .  E L ECTROCOA U L A n o �  A p P Lf C  n o. S 

• G ro u n d  'Vater Clea n u p  

ElilcoenC) Iplll 

0 7 1 

0 4c) 0 68 

0. 36 0 65 

0 ::05 0 63 

0 1 6 0 6::0 

Electro oagulatton I Ultable for the reclamation of groundwater that has been cont.aminated with 

hea\) metals. high molecular weight hydrocarbon and Halogenated hydrocarbons ( 10l lah et aI . ,  

�004). 

• Surface Water Clean u p  

Electrocoagulation i u e d  to remove bacteria, viruses and cysts from surface water thereby 

representatIOn contammated waste tream into potable water. Tt is particularly effecti e in the removal 

of l ife threatening contaminants such as giardia and cryptosporidium (Mollah et a I . ,  2004) .  

• P rocess lli nse \Va te r  a n d  Wash Water 

Electrocoagulation routinely treats process and r in e water from the electroplating. computer board 

manufactures, texti le industry, paint rinse water, mining industry, automotive industry and pulp and 

paper I n  most case , the treated v. ater can be recycled (Mol lah et aI . ,  2004). 

• Sewage Trea t m e n t  

Electrocoagulation has recognized effective in treating ewage water, sewage sludge concentrations. 

and sewage sludge metal fixation sufficiently to enable land application ( Mollah et aI . ,  2004) .  
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• Coo l i n g  Tow er 

Electrocoagulation I U ed to pre-treat water entering (0\ ers a wel l  a blow down water to remove 

algae, u pended o l id , calcium, and magne i urn bui ldup, thereby e l imi nating co tly rep lacement 

\\ ater ( Mol lah et a I . ,  2004) .  

• \Vater Pretreat ment 

Water pretreatment \ i th E lectrocoagulation ha pro en effecti e in removing bacteria, s i l ica and 

T prior (0 ub equ nt pol i  h ing with rever e o  rno is, nanofil tration, and photocatalytic (MoUah 

et a t . .  2004). 
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2 .5 .  D V  N T  A G E  

P R O  E 

� D  D J  DVA�T A G E  O F  E L ECT ROCOAG U L  TIO!\' 

Electrocoagulation treatment o f  w a  lewaler has many ad anlage and d i  ad antage a s  sho\\ n 111 

Table 1 0. 

Table 1 0. Ad\ antage and dl ad\ antagc oran Electrocoagulation Proce s ( Mollah et a I . ,  2004) .  

d\'antage 

advantages 

• Remm e u pended, col loidal 

• Break oi l  ernul ion in water 

• Remm e comple organics bacteria, iruses and cysts 

• Lov, operating co ts, maintenance and power requirements 

• M inimal chemical addition 

• l udge minimizat ion 

• The ' sacrificial  e lectrodes' are dissol 

and need to be regularly repl aced. 

• The u e of electricity may be expen ive in  many places. 

• An impermeabl e  oxide fi lm may be formed on the cathode leading to loss of efficiency of 

the E lectrocoagulation unit .  

• H igh conduct iv i ty of the wastewater suspension is required. 

• Gelatinous hydroxide may tend to solubi l i ze i n  some cases 
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C H A PT E R  T H R E E :  M AT E R I A L S  A D M ET H ODOLOGY 

To aChle\ e the aforementIOned objective , t il l S  the i w a  divided into I:\vo part a hown in Fig.9 : 

• Part 1 :  Batch EA - P u re ir and  - 1 0% CO2 Y t ern 

• Pa rt 2 :  ta t i  t i ca l  approach/an alysi 
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Figure 9 :  Research Methodology 
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3 . 1 .  W A T E W A T E R  1 P L E  

The \\ a te\\ ater ample \\ ere ol lected from the El1llrate l J1du tnal Ga e o. ( EIGCO) \\ hich i 

located in  Dubal , 

Table I I . 

E. The ph ical-chemical characteri tic of tbe industrial waste\ ater are shown in  

Table I I : hara lcristle of wa le\\ aler col lected from E IGCO 

pH 1 2  - J 2 .2  

COD ( mg/l) 300 - 350 

EC (m fe rn ) 5 - 6 

TDS (gil) 2 .5  - 3 . 5  

T H  ( rngll a cacoJ) 1 000 - 1 200 

Salinit) (%) 3 - 3 . 5  

TSS ( gfl) 1 - 2 

3 . 2 .  E X P E R I M E N T A L  A p PA R A T U S  

Prel iminary experiments were prepared t o  detelmine the ranges o f  pH.  temperature and current density 

a (7- 1 2] ,  [20-3 5] .  [ 1 43-284 m2] ,  respectively. The Electrocoagulation experiments were conducted 

i n  2 L cyl indrical reactor made of Plexiglas ha ing an effective olume of 1 L and an internal diameter 

of 1 4 . 5  cm. Two aluminum electrodes with dimensions of 6x5x3 mm that are spaced apart by 5 .5  cm 

were i mmer ed in the reactor and connected to a DC power upply. A magnetic stirrer was placed at 

the bottom of the reactor to ensure good mixing whi le  adj usting the mixing speed so as not to break the 

fl ocs. The be t duration of each experiment was 3 hours because any additional t ime wi l l  gi e same % 

reduction for a l l  re ponses. 1 00% Air and 1 0% CO2 gases were injected from the top and the bottom 

of the reactor in EA and CA sy tems, respect ively. The CO2 gas leaving the CA system was analysed 

using the gas analyzer ( Ca l ifornia Analytical I nstruments - CAl).  Samples of 1 5  ml were col lected 

using a pipette in every 60 min and fi ltered using Schleicher & Schuel l - MicroScience fi lter paper 
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circles . To.S9S ( I  S mm) to obtain the OD and TH mea urement L ing BACH vial H ACH DR-

3000 pectrophotometer and olution t itration u ing ammonium hydroxide and i lver ch loride. 

re pe t l \  ely. T a fter trealment \\ a anal zed \ la drying at 1 0SoC for 2 hour according to tandard 

method ( PH . 1 99 ). TD , a l in ity, p H, and electrical conducti\ ity \ ere mea ured u ing the BACH 

meter ( 10DEL HQ I I d  and HQ 1 4d).  re pectivel . F i l terabi l i ty te t was conducted through al lowing 

50 ml of treated \\ ater to pa' through the chleicher and chuel l - Micro cience fi l ter paper circles 

J o. 95  ( I  5 mm) \\ hi le  recording the vol wne of fi ltrate every min a hown in Fig. 1 2 . Settleabi l i ty 

test \\ a carried out b a l lo\\ ing the SO ml of the lurry aste to settle 0 er 90 min as hown in  Fig 1 3 . 

ample \\ ere te ted t\\ Ice and an average \ alue wa recorded. After the treatment of wastewater, 

ample " ere anal zed for ea h parameter; con equently more than SOO samples were tested. 

Repeating a l l  the sample te ts  \\ ould ha\e required an excessi e number of sample ials, te t kits and 

torage pace. j e\ ertheles . ill the intere t of maintaining a high level of rel iabil ity, samples that d id 

not fit vv ithin a certain trend were repeated: and at least 3 ample were repeated for each parameter. 

Both electrode were cleaned at the beginning of each experiment .  

Figure 10: Laboratory fi lterabi l i ty test Figure 1 \ :  Laboratory senl ing test 
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FIgure 1 1 :  Lab chematic diagram o[ the experimental reactor u e d  i n  electrocoagulation 

3 .3 .  STAT I ST I CAL AN A L Y S I S  

Box-Behnken design ( B B D),  whi c h  i s  a class o f  rotatable  or nearly rotatable second-order design based 

on t hree-level i ncomplete factorial design , wa used to design the mode l .  The three most important 

operating factors ( i ni t ia l  wa te\ ater pH ( x l ) , temperature (x2)  and current density (x3) )  were 

opt lmized for the treatment of the wastewater. The range of pH,  temperature and current density 

variations \1\ ere between 7 to 1 2, 20 to 35 DC, and 1 43 to 284 Afm2, respective ly  as shown in Table 1 2 . 
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Table l :! : Range and le\ el of 1I1dependent vanable 

Independent ' a ria ble ymbol Level 

- 1  0 + )  
pH 7 9.5 1 2  

Temperature (0 X2 20 27 .5  35  

D ( .\/m
2
) "3 1 43 2 1 3  2 4 

The number of experiment (N) required for th de elopment of BBD is defined as N=2k(k- I )  ..,..CO, 

( \\ here k I numb r of fa tor and Co is the number of central points) ( S .L .e.  Ferreira et . a I 2007). 

The predi tion of the 0 0 reduction of each variable were tudied and calculated u ing R S M  e t imated 

Regre ion Coefficient . 

The upernatant for COD measurement was measured by tak ing samples of 1 5  ml between electrodes 

u ing a pipette every 60 min and fi l tered using Schleicher and Schuel l- MicroScience filter paper 

c Ircle 0 .595 ( 1 85 mrn) and u ing HACH vialslHACH DR-3000 pectrophotometer. For TH 

mea urement . solution t i trat ion using arnmonium hydroxide and i lver chloride were u ed.  TDS 

al in ity. pH .  and electrical conductiv i ty were measured using the H ACH meter ( MODEL HQ I I d and 

HQ 1 4d).  re pectively.  

In the EA y tern, the average percentage error between the experimental and prediction reduction for 

these parameter COD. TH, EC, pH,  TDS and Sal in ity were 3 .5%, 5 .6%, 6.5%, 4.5%, 5 .9% and 5 .4%, 

re pectively. In the CA system, t he a erage percentage error between the experimental and prediction 

reductlOn for the e parameters COD, T H .  EC, pH, TDS and Sal inity were 5 .4%, 5 .5%, 3 .4%, 2 . 9%, 3 .9 

0,,0 and 3 . 20 0, re pectively. 
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3 . 4.  O FT W A R E  U ED 

Three oftware program were u ed : 

3.4. 1 . Sigma Plot 

" Igma P lot I an indu try leader in cientific Graphing V\ ith over 300,000 users from research 

in ti tute , uni \ ersi t ie , and commercial laboratorie V\ orldwide" . It u ed to plot and customize every 

detail of chart and graph ( http://,,,, ww. igmaplot .com) . 

3.4.2.  G raph 

potentia l ly invaluable tool for math tudents or engineers, tlus t ightly focu ed  program draws and 

analyze 1\\ 0 dimen lonal graph ". Graph oftware used to find the area under the curve to estimate the 

CO2 capturing efficiency. ( http ://dmvnload .cnet.com). 

3.4.3. :\1initab 

. .  I mitab i the leading tatistical software for analyzing data and in stat ist ics education to discover the 

re latIOnships between vari ables, to identify important variables" by building the model using response 

urface method and to find opt imum condition sett ing with response optimizer" 

( \'. \\ \\ . \\ i kipedia.com) .  
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C H  PT E R  FOU R :  RE LT D D I C I ON 

The efficlen y of ele tr coagulation treatment In part I \\ a e\ 'aluated ba ed on the redu t lon of I X  

main parameter. O. T H .  TO . . and a lm]ty. The Carbon Oio:\lde capturing efficlen y at 

di fferent operati ng ndltlon \\ a a lso calculated . 

The 0 0 reduction \\ a alculated u I I1g the fol lo\" l I1g equation: 

0 0 Red uct ion = ( I n i t ia l  \ alue - F ina l  va lue)  / I n i t ia l  va lue 

A mentioned In the meth dolog hapter. the 1 i l1 l tab oft\\ are \\ a u ed to build a model by using the 

re pon e �urface meth d (R M) a ho\\ n in  Table  1 3  to check the optimum condit ion for the be t 

perfonnance f the Electr coagulation proce . 

Table 1 3 '  RM model 

Run Order pH Temp CD 
I 9.5 27.5 2 1 3 .5  

2 9.5 27 .5  2 1 3 .5  

3 1 2  35 2 1 3 .5  

4 1 2  27 .5  1 43 

5 1 2  2 7.5  284 

6 7 27 .5  284 

7 7 20 2 1 3 .5 

8 9.5 20 1 43 

9 7 35 2 1 3 . 5  

1 0  9 .5  35 1 43 

1 I 9.5 20 284 

1 2  9.5 35 284 

1 3  9 .5  27.5 2 1 3 .5  

1 4  7 27 .5  1 43 

1 5  1 2  20 2 1 3 .5  
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4 . 1 .  P A R  \ I ET R J  T D Y  

PrehminaI) experiment v" ere carried out to determine the range o f  p H ,  temperature and current 

den I t)' a (7- 1 2) ,  ( �O-3 5 ), ( 1 43-2 4 m\ re pect l \ ely. Serie of laboratory scale experiment were 

conducted u ing th bat h el ectroch mical reactor fed with indu trial raw wa te\A, ater based on the 

arne ini t ial p H .  T\\ 0 al uminum elec\r de were immersed in the reactors and connected to DC power 

upply. Pure Air and 1 00 0 CO2 in ir were uppl ied to the reactors to en ure good mi ing. Several 

experiment were carried out at different operat ing condition so as to compare the electrochemical 

rea tor ' performance \\ i th re pect to COD, TH,  TD , sal i ni ty and EC reduction in EA and CA 

y tem . Detailed descript ion are pro ided in the ub equent sections a fol low: 

R u n  Order 1 ,  2 and  1 3 :  Water qual i ty and s lun), characteri tics at pH 9 .5 ,  temperature 27 .5  °C and 

current den It)' 2 1 3 . 5  1112 in EA and C A  batch s y  terns 

The electrochemical EA and CA ystems were fed with indu trial raw wa tewater (Table 1 4) .  

Table 1 4: Indu trial feed wastewater characteri stics for Run Orders 1 ,  2 and 1 3  

Conta m i n a n t  Feed T reated T reated 

CA system EA system 

COD, mglL 272 2 1 2 .4 1 8 1 .4 

TDS, giL 1 . 8 1 .4 1 . 2 

TH, mglL a CaC03 600 3 7 1 409 

p H  9. 5 6. 8 7 .6  

EC,  ms/em 3 .4 2 . 5 2 .3  

Salinity, % 1 . 8 1 . 3 1 .2 
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Figure 1 3 : 00 ReductJon or COD, TH,  TDS and salinity in the treated wastewater ( RO 1 )  in EA and CA batch 

system 

Fig. 1 3  sho\ the ariation of COO, T H ,  TOs and a l in i ty 0 er 3 h of operation t ime at pH 9 .5 ,  

Temperature of 27 .5  oC and CUlTent den ity of 2 1 3 . 5  m� . For example, the %COO reduction was 

2 1 .9 and 3 1 .3° '0 in CA and EA sy tems, re pecti ely. TH was reduced by 3 1 . 8 and 38 .2�0 whi le 32 . 1 

and 24.90 0 TO removal was  achieved i n  EA and CA systems, re pecti ely. Also, the results showed 

a l ir u ty reduction of 3 3 .4 and 28 . 1 % with effluent 1 .2 and 1 .30 0 in EA and CA system , respect ively. 

pH was reduced to 7 .6 and 6.8 due to the fonnation of carbonic acid ( Eq .9)  wherea EC dropped to 2 .3  

and 2 . 5  ms cm in  EA and CA system , re pectively. 

(9) 

I t  could  be concluded that the use of CO2 had a posi t ive impact on water quality with respect to TH and 

the pure air  with respect to COD, EC, TOS and sal in i ty. This cou ld  be attributed not only to the 

pre ence of electric field ( i .e.  anodic e lectro-oxidation result ing in  more avai lable insoluble compounds 

which could be adsorbed in the A I  (OHh floes and hence to be removed Ar
3 

( Ramesh et a I . ,  2007), but 
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al 0 t the Connation of the carboni aC Id ( Eq.9) ,  thl! , both g � and Ca 2 ion ha\ e reacted with CO·3 

fonning calcium carbonate and magne lum carbonate ( Eq I I  and 1 2 ). 

c ; 1 � a 1 -> a 03 

( 1 0 )  

( l l 

( 1 2) 

Therefore, the d po Ition on the w'face of the electrode could l ikely be occurring (Malakoot ian and 

You eft . 2009) .  The e re u l ts were in l ine with the pH reduction in the CA system compared to the pH 

\ ariatlOn acro EA y tem. On the other hand. EA ystem sho ed better re u l ts regarding sal in ity 

reduct IOn. I t  c uld be peculated that the olubi l ity of the i norganic ions and sal ts was adverse ly 

affected at  10\\ pH ( i .e.  tem) . Con equent ly, the injection of CO� has resulted in  62 .4% removal 

(i .e. Captunng) Fig. 1 4. therefore, contributing to the green and ustainable wastewater treatment 

te hnology. 
120�--�--�--�--�--�----�--�--�--�--� 

1 00 

cf2, 80 
Q.) L.. 
:J ...... 
0.. 60 ro 
u 

N 
0 
U 40 
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oL---------------�--�------------------� 
o 20 40 60 80 1 00 1 20 1 40 1 60 1 80 200 

Ti me (min) 

Figure 1 4 :  CO� v ariatIOn in CA system at pH 9 .5 ,  Temperature 27 .5  °c and cWTenl density 2 1 3 .5  m1 
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R u n  Order 3, 4, 5 and ] 5: Water qual ity and sl urry characteristic at pH 1 2 , temperature 35 .  27.5. 
27.5 and 20 °C, respcct l \ el and current densllie 2 1 3 .5 . 1 43. 2 4. 2 1 3 . 5  m". respect l\ ely I n  E A  and 

bat h y. lems The electrochemical EA and CA ) tems were fed with industrial raw wa te,\'ater 

( Table 1 5). 

Table 1 5  Induslnal feed \\'a�lewaler charactcrIstics for Run Orders 3,  4, 5 and I S  

Con t a m i n a n t  RO. 3 RO. 3 RO. 4 RO. 4 RO. 5 RO. 5 RO. 1 S  RO. 1 5  

Feed T reated Feed T reated Feed Treated Feed Trea ted 

CA E A  C A  E A  CA E A  CA EA 

COD. mg, L 303 1 78 202 400 26 1 2 1 7  345 258 205 323 244 242 

TDS, g L 3 .68 0.96 1 .6 2 . 6  1 .3 1 . 5  4 . 2 5  1 .2 1 .2 3 .07 1 . 1 6  1 . 8 

TH. mg L as CaCO, 1200 5 64 626 1 1 75 787 899 1 050 263 696 1400 560 896 

pH 1 2 .09 7 .06 1 0.6 1 1 .9  6 . 1  7 .6  12 .2  7 . 2  10.6 1 1 .98 6 .7  9.3 

EC, m em 6.89 1 .9 3 . 2  5 .09 2 . 6  3 . 1  7 . 8  2 . 3  2 . 3  5 .9  2 . 3  3 . 5  

Salini  t) .  0 0 3. 79 0.97 1 . 78 2 . 8  1 .4 1 . 8 4.4 1 . 2 2 . 7  3 . 1 5  1 . 2 1 .9 
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Figure 1 5 : 00 Redu tion of aD, T H ,  TD , E  and al ll1ity In treated efnuent ( R03 ) in EA and CA batch 

y tern 

F ig. [ 5  how the \ ariation of OD, TH, TDs and sa l in ity over 3 h of operat ion time at pH 1 2 , 

Temperature 3 5  l'C and current den i ty 2 1 3 .5  m2 . For example, the %COD reduction was 33 .26 and 

4 1 . 1 6 0 0 l J1 EA and CA sy terns, respecti ely. TH was reduced by 47.75 and 52 .94% whi le 55 .67 and 

7 3 .  40 a TD remm al \Va achieved in  EA and CA system , re pectively. Also, the results showed 

a l in ity reductIOn of 5 3 .0 1 and 74 .390 0 with effluent 1 . 78 and 0.97 % i n  EA and CA systems, 

respectively. pH wa reduced to 1 0.6  and 7.06 wherea EC dropped to 3 . 2  and 1 .9 rns/cm in EA and 

CA y tern , re pect ively. Consequent ly, the injection of CO2 ha resulted in 5 1 % removal ( i .e.  

Capturing) Fig. 77, therefore. contributing to the green and u tainable wastewater treatment 

tec1molog 
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Figure 1 6: % Reduction of COD, TH,  TDS. EC and salinity in treated wastewater ( R04) in EA and CA batch 

systems 
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Fig 1 6  hO\� the \ ariation of D, T H .  TD and a l in i ty over 3 h of operation time at pH 1 2, 

Temperature '27 .5  0 and current den i ty 1 43 mC. For example, the ° oCOD reduction \\ a 45 .76 

( ODtr ated em uent 2 1 6.96 mgtL)  and 34. 2° 0 ( ODtreated effl uent 260.72 mg L )  in  EA and CA 

sy tern'>, re pect l \"el . TH \\ a reduced by 23 . 52  and 32 .  0 0 \\ hi le 40. 3  and 50.55° ° TD removal 

\\ as achle\ ed in EA and A terns, re pecti ely.  Al 0, the re ult  howed al in i ty reduct ion of 35 .72 

and 5 1 .45° 0 \\ i th emuent 1 .  and 1 .36° 0 in E and A y tern , respectively. pH wa reduced to 7 .6  

and 6. 1 \\ herea dropped to 3 . 1 and 2 .6  m /cm in EA and A sy terns respect ively .  Consequently, 

the I 11Jection of 02 ha re ul ted in  5 5°'0 remo\"al ( i .e .  Capturing) Fig.78,  therefore, contributing to the 

green and u tainable \\ a tev ater treatment technology . 
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Figure 1 : 0 0 Reducllon of COD, TR TD , EC and al inity in treated wa tewater ( ROS) 

in EA and CA batch systems 

Fig. I 7  how the variatIOn of COD, TH,  TD and sal in ity over 3 h of operation t ime at pH 1 2, 

Temperature n.5 °C and current den ity 284 Alm2 . For example, the %COD reduction was 40.64 and 

25 .25°'0 in EA and CA ystems, respectively. TH was reduced by 3 3 . 7 1  and 75% whi le 7 1 .4 1  and 

7 l .99° 0 TDS removal was achieved in EA and CA systems. respectively. Also, the resu lts showed 

a l in i ty reduction of 3 8.72  and 72 .5% with effluent 2 . 7  and 1 .2% in EA and CA systems, respecti ely.  

pH was reduced to 1 0.6  and 7 .2  whereas EC dropped to 2 .3  and 2.3 ms/cm in  EA and CA systems, 

respectively .  Consequently, the i nj ection of CO2 has resulted in 33% removal ( i .e .  Capturing) Fig .79 

therefore, contributing to the green and sustainable wastewater treatment technology. 
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FIgure I . 0 0 ReductIon o f  COD, TH,  TD , EC and al inity in treated efnuent ( RO ]  5) in EA and CA batch 

y lems 

Fig 1 ho\\ the variation of COD, TH,  TD and al in i ty 0 er 3 h of operation time at pH 1 2 . 

Temperature 20 "c and CUlTenl den ity 2 ]  3 . 5  Nm2. For example, the %COD reduction wa 2 5 . 2 1 

(CODlrC3tcd cmuent 24 1 .6  mg/L) and 24.38° 0 (CODlrcatcd cmuen! 244.3 mgiL) in  EA and CA sy terns, 

re pecti \ el, . TH \\ a reduced by 3 5 .  4 and 59 .57° 0 \\- h i le  40. 1 and 62.34% TDS removal \ as achieved 

in EA and CA system , re pectively. Also, the resu lts hm ed sal inity reduction of 40.4 1 and 63 .02% 

\\ i th effluent 1 .9 and 1 .2° 0 in EA and CA ystems, re pectively. pH wa reduced to 9.3 and 6 .7  

\,,·herea EC dropped to 3 .5  and 2 .3  fis/cm in  EA and CA systems, respect ively. Consequently, the 

injection of CO2 has resulted in _3 % removal ( i .e .  Capturing) F ig. 80, therefore, contributing to the 

green and ustainable wastewater treatment technology. 
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R u n  Orders 6. 7 9 1 4 :  \ ater qualIty and s luIT) characteri l 1C  at pi 1 7. temperature 27.5.  :W. 35 and 

:.7 5 'e, respccl I\ el) and urrent denslue. 2 4, 2 1 3 .5. 1 1 3 .5 and 1 43 A m� re pecti \ely m EA and CA 

batch ) stems. The elec trochemical E and y lem \\ ere fed with mdu Ina I ra\.\ wastewater 

(Table I 6). 

Table 16. Indu 'IT131 feed �\ aSle\\ 31er characlen IICS for Run Order 6. 7. 9 and 1 4  

Cont aminant RO.6 RO.6 RO.7 RO.7 RO.9 RO.9 R O. l 4  RO. 1 4  

Feed Treated Treated Feed Treated Feed 
Treated 

CA EA 
Feed 

CA EA CA EA CA EA 

COD. mg,L 297 229 1 9 1  266 2 1 0  2 1 6  269 2 1 2  2 1 0  3 1 9  266 1 80 

TDS. g L 1 . 7 1 . 1  1 . 5 1 . 8 1 . 1  1 .6 1 .9 1 . 2 1 . 86 1 . 85 1 .4 1 .6 

TH. mglL a CaC03 740 562 6 5 1  720 597 590 1 090 774 752 1 080 724 950 

pH 7. 1 5 ,4 7 .5 7 .08 5 8.4 7 5 .7  7 .8  7 .3 5 .9 8 . 1 

EC. m em 3.3 2 .2  2 .9  3 .6  2 .3 3 .2  3 .6  2 .3  3 .4  3.6 2 .8  3 . 1  

Sallllity, (% 1 .7 1 . 1  1 .6 1 .9 1 .2 1 .6 1 .9 1 . 2 1 . 7 2 1 . 5 1 .9 
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Flgur 1 9: 0 0 Redu t lon of COD, TH,  T O  , EC and salmit In treated wastc", ater ( R06) in EA and CA batch 

system 

Fig 1 9  ho\\ the \ ariation of COO, TH,  TO and a l inity over 3 h of operation time at pH 7, 

Temperature 27 .5  °C and curren! density 2 4 
, 

m-. For example, the �oCOO reduction was 35 .59 and 

n. 9° 0 in EA and CA y tem , respectively. TH was reduced by 1 2 .06 and 23 .77�0 whi le 1 0 .34 and 

36 .69° ° TO remo\ al wa achieved in  EA and CA ystems, respectively. AI  0, the re ults showed 

a l init) reduction of .08 and 36 .62° 0 with effluent 1 .6 and 1 . 1 0 0 in EA and CA systems, respecti ely.  

pH wa increa ed to 7 .5  and reduced (0 5 .4 whereas EC dropped to 2.9 and 2.2 ms/cm in EA and CA 

y tem , re pectively. Con equent ly, the injection of CO2 ha resulted in  62 �o removal ( i .e .  Capturing) 

Fig I .  therefore, contribut ing to the green and sustainable wastewater treatment tec1mology . 

• EA system • CA system 

45 

40 

35 
*' 30 
c: 25 0 

.;:; 
20 u ;j "0 15 QJ 0: 
10 

5 

0 
COD TH TOS Sa l in ity EC 

Figure 20: 0'0 Reduction of COD, TH.  TDS, EC and salinity in treated wastewater ( R07)  in EA and CA batch 

systems 
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FIg. 20 sho\'. the , anatt n of OD. TH, TD and al inity over 3 h of operat ion time at pH 7.  

Temperatur 20 " and current den ity 2 1 3 . 5  m2. For example. the ° 0 OD reduction wa 1 .6 and 

20.96° ° in E and tem . re pect i \  el . TH wa reduced by 1 7 .69 and 1 6.67° 0 v. hi le J 2 .0 1  and 

37 .99° 0 TD remo, al  wa achie\ ed in E and (em , re pect iYe1y. I 0, the result  ho\\ ed 

sal init)- reductIOn of J 6.39 and 3 .3° ° v. ith effluent 1 .6 and 1 .2°'0 in EA and CA sy tem . respect i\  ely.  

pH \\ a increa ed to .4 and reduced to 5 .03 \ herea E dropped to 3 .2 and 2 .3  ms/cm in EA and CA 

y tem . re pectlvely. Con equent ly. the injection of O2 ha resu lted in 65 °'0 remO\ al ( i .e .  Capturing) 

Fig.  2 th refore, contnbuting to the green and su tainable wastewater treatment technology . 
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Figure 2 1 '  0 0 Reduction of COD, T H ,  TD , EC and salinit in treated wastewater ( R09) in EA and CA batch 

system 

Fig.2 1 hows the variation of COD, TH,  TDs and sal in ity over 3 h of operat ion t ime at pH 7, 

Temperature 35 °C and current density 2 1 3 .5 Afm". For example, the %COD reduction was 2 1 .98 and 

2 1 .33�0 in EA and CA system , respect ively. TH was reduced by 30.86 and 28 .9% while 2 .09 and 

3 5 .83°,0 TDS removal was achieved in  EA and CA systems, respectively. Al 0, the results showed 

al in ity reduction of 8 .97 and 36 .36% with effluent 1 .7 and 1 .2% in EA and CA systems, respectively. 

pH wa increased to 7 . 8  and reduced to 5 . 7  whereas EC dropped to 3.4 and 2.3 ms/cm in  EA and CA 

systems, respectively. Con equently,  the i nj ect ion of CO2 ha resul ted in  65 % removal ( i .e .  Capturing) 

Fig. 83, therefore, contributing to the green and susta inable wastewater treatment technology. 
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Figure _2 :  ° 0 Redu l ion in of COD. TH,  TDS, EC and alin ity treated wastewater ( RO I 4 )  in EA and CA batch 

sy tern 

Fig.30 ho\\s the variation of COD, T H, TDs and al in ity over 3 h of operation ti me at pH 7, 

Temperature 27 .5  °C and current den i ty 1 43 m�. For example, the %COD reduction was 43 .32 and 

1 6 .6 1 ° 0 in  EA and CA tem , re pectively. T H  wa reduced by 1 1 . 8 1  and 3 3 .2 1 % while 1 5 .93 and 

23 .0 1 ° 0 TD remov al \\ as achieved in EA and CA y tems, re pectively.  Also, the resul ts  showed 

al ll1ity reduction of 7 .0  I and 24.08° ° " i th effluent 1 .9 and I .5�0 in EA and CA systems, respectively. 

pH was inerea ed to 8. I and reduced to 5 .9 wherea EC dropped to 3 . 1  and 2.8 ms/em in EA and CA 

y tern , re pect i  ely. Consequently, the injection of CO:! has resu lted in 53  % removal ( i . e .  Capturing) 

Fig.  4, therefore, contributing to the green and sustainable " a tewater treatment technology. 
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R u n  rder 8, 1 0, 1 I & 1 2 : \\'ater qualIty and lurry characteri I Ic at pH 9 5,  temperature 20. 35 20 
and 35 0 , re pecttvely and current densitle 1 43 ,  1 43, 2 5 and 284 A m� ,respectwely in EA and CA 

batch sy"tems. The electrochemical E and A system were fed with indu trial [3\\ wastewater 

( Table 1 7) .  

Table 1 7 . I ndu rnal  feed \Va tewater characteri tics for RunOrders 8, 1 0, 1 1  and 1 :2  

Co n t a m i n a n t  RO. 8 RO. 8 RO. I 0  RO. I 0  RO. l 1  RO. l 1  RO. 1 2  RO. 1 2  

Feed Treated Feed Treated Feed Treated Feed Treated 

CA E A  CA E A  C A  E A  CA E A  

COD, m g  L 307 136 1 79 3 2 5  2 1 6  1 71 309 2 3 1  2 1 3  368 280 203 

TD . g L  1 .  1 .4 1 . 7  1 . 7  1 .2 7  1 . 6 2 .02 1 . 3  1 . 7 1 . 8 1 . 1 7  1 .46 

TH. mg L a  CaC03 730 606 6 5 7  845 769 659 1 05 5  847 838 1010 566 788 

pH 9.5 5 . 7  7 .9 9 .6 1 6 . 1  7 .9 9.5 5 . 1  8 . 5  9.6 5.5 8 .6 

EC, m 'em 3 . 5  2 . 7  3 .4 3 . 3  2 . 5  3 . 1 3 . 9  2 . 5  3 . 3  3 .95 2 . 6  3 . 2  

alinity, �o 1 . 8  1 .4 1 . 6  1 . 7 1 .3 1 . 5 2 . 1  1 .4 1 .96 2 .09 1 . 3  1 . 8 
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EA system • CA system 
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Flgure 23 .  ° 0 ReductIOn of COD, TH,  TD , EC and salinity in treated \ a tewater ( R08) in EA and CA batch 

systems 

Flg.23 ho\\ the \'ariat ion of COD, TH,  TDs and a l in i ty 0 er 3 h of operat ion t ime at pH 9 .5 ,  

Temperature 20 oC and current den i ty 1 43 m2 .  For example, the o'oCOD reduction was 4 l .64 and 

2 3 . 1 70 0 ill E and CA y tem , respectively. TH \ as reduced by 1 0.08 and 1 7.29% whi le  7.06 and 

22 . 1 9° 0 TD removal \Va achie ed in  EA and CA sy tems, respectively. Also, the results showed 

a l in i ty reduction of 1 1 .47 and 22 .44°'0 i th effluent 1 .6 and 1 .4° 0 in  EA and CA systems, respectively. 

pH wa reduced to 7 .9 and 5 . 7  wherea EC dropped to 3 .4 and 2.7 ms/cm in  EA and CA systems, 

re pectlvely. Con equent l , the injection of CO2 has resu lted in 23 % removal ( i .e .  Capturing) Fig .85,  

therefore, contributing to the green and u tainable wastewater treatment technology . 
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Flgure 2.f: 0 0 Reduction of COD, TH, TDS, EC and salinity in treated wastewater ( RO 1 0) in EA and CA batch 

systems 
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Flg.�4 'how the \ ariation of COD. TH, TD and a l inity m er 3 h of operat ion t ime at pH 9 .5 ,  

Temperature 35 "c and current den i ty 1 43 m1. For example,  the 0 0 OD reduction \\ as 47.47 and 

33.6 1 �o in and C y tem , re pectl', ely. TH \\ a reduced by 22.56 and 9.070 0 while 5 . 1 7  and 250 0 

TD removal \\ a achie\ ed in EA and C y terns, re pect ively. Al 0, the re ult howed a l ini ty 

reduct ] n of 9 and 25 . 550 0 with effl uent 1 .5 and 1 .3° 0 in EA and CA ystems, re pectively. pH a 

reduced to 7.9 and 6. 1 wherea E dropped to 3 . 1  and 2 . 5  lUs/cm in EA and CA y terns, re pe t i \ e ly .  

C n equently, the lI1jection of C02 ha re u l t  d in 25 �o remo al ( i .e .  Capturing) Fig. 86, therefore, 

contributing to the green and ustainable \Va te\ ater treatment technology . 
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Figure 2 5 :  0 0 Reduction of COD. TH, TD . EC and al inity in treated waste\ ater ( RO l l )  in EA and CA batch 

sy tem 

Fig.36 show the variat ion of COD, TH,  TDs and a l in i ty over 3 h of operation t ime at pH 9 .5  

Temperature 20 DC and current density 284 m". For example, tbe %COD reduction was 30.96 and 

2 5 .35° 0 in  EA and CA system , re pectiveJy. TH was reduced by 20.54 and 1 9.68% while 1 4 .73 and 

34 . 1  ° 0 TDS removal was achieved in  EA and CA systems, respecti ely.  Also, the re ults s howed 

sal in ity reduction of 1 1 .28  and 34.62% with effluent 1 .9 and 1 .4% in EA and CA systems, respectively. 

pH was reduced to 8 . 5  and 5 . 1 whereas EC dropped to 3 .3 and 2.5 lUs/em in  EA and CA systems, 
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re pect l v el . on equent l . the injectIOn of CO� ha re u lted in 73 % removal ( i .e .  Capturing) Fig.  7 .  

therefore. contributing t the green and u tainable \\ a te\\ ater treatment technology . 
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Figure 26 :  ° 0 Redu tion or COD. TH, TDS, EC and sal inity in treated wastewater ( R0 l 2) in EA and CA batch 

systems 

Fig.26 how the variat ion of COD, TH,  TD and salinity 0 er 3 h of operation t ime at pH 9 .5 ,  

Temperature 27 .5  °C and current density 284  m� . For example,  the  %COD reduction " as 44.9 1 and 

23 .9 1 °0 in EA and CA ystem , re pectively. TH was reduced by 2 1 . 5 8and 43 .83% while 1 8 .49 and 

3 5 . 1 40 
° TD remo a l  \� as achieved in  EA and CA y terns, respectively. Also, the results  showed 

saliruty reduction of 1 6 .0 1 and 35 .44% with effluent 1 .8 and 1 .3°'0 in EA and CA systems, respectively. 

pH \\ a reduced to .6  and 5. � whereas EC dropped to 3 .2  and 2 .6  ms/cm i n  EA and CA systems, 

respect i'  ely.  Consequently, the injection of CO2 has resul ted in 84 % removal ( i .e .  Capturing) Fig 88, 

therefore. contributing to the green and sustainable wastewater treatment technology. 
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4 . 2 .  A T I  T I  L � L V  I 

To tud) the correlatIOn betv" een the parameter for each re ponse, tatis(ical analyse v .. ere done. 

Therefore, the tatistlcal te t ha\ e a nul l  hypothe is  and an altemate hypothesis. The P- alue reported 

from a tatl tical te t I the l ikel Ihood of the result given that the nul l  hypothesi wa correct .  That's 

\\ h) mal l  P-va lue \\ ere highly de irable. The mai ler they are, the Ie l ikely the result would be if  

the nu l l  hypothe is  \\'a correct. If  the P-\ a lue i mal l  enough ( i .e .  < 0.05) ,  then the nu l l  hypothe i is  

rejected. In  addit IOn, the p-va lue of lack of fit mu t be > 0.05 to be statistical ly insignificant to mention 

that the model repre ent the data. 

4 . 2 . 1 .  C O D  % R E D L C Tl O �  

I n  C A  and E tems, the optimum condit ions for gi ing a good perfonnance efficiency of COD 

reduction 1 when pH. temperature, current density are 1 2 , 3 5 ,  2 1 3 . 5  Alm2 and 1 2 , 27 .5  and 1 43 Alm�, 

re pect1yely. According to the tatistical analy i perfom1ed in  the CA sy tern using Minitab, pH,  

temperature and c urrent density ( independent variables) had no significant impact on the COD 

redu tlOn (dependent variable) a P-value of 0. 1 42 , 0.4 1 8  and 0 .536 ( R2 
= 0.59, lack of fit = 0.685) 

\" ere obtained under ful l  quadratic l inear fit ,  respecti ely.  F ig .27 hows 3 D  graphs data points. Al 0 

there \\ a no interaction correlation between the aforementioned indepeandent variables a 0.445 ,  

0 .3 76, and 0.650 P-value were reported between pH and temperature pH and current density,  and 

temperature and current den ity, respectively. On the other hand, pH, temperature and current density 

were significan t  parameters affecting the COD reduction i n  the EA sy tern as 0.0 1 5  0 .0 1 1 ,  and 0.0 1 7  

P-\'alues ( R
2 

= 0,9694, lack of fit = 0.09 1 )  were obtained as shown i n  Fig.4 1 .  However, no interaction 

corre lation between pH and temperature, pH and current density,  and temperature and current density 

as 0.409, 0.64 1 ,  and 0. 1 84 P-values were reported, respectively,  The model adequacy was further 

verified by plotting the nonnal probabi l i ty and residual plots for the response, a depicted in Fig.29.  

The residuals analysis shows that there was no evidence of outl iers as a l l  the residuals fel l  within the 

range of -2 to -'-2 and they were randomly d istributed around zero, which indicates a h igh degree of 
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correlation bet" een the ob erv ed \ a lue and predicted val ue . In additIon, the p-\ alue of lack-of-fit 

\\ ere O.6 5 , 0.09 1 m C  tern ; re pect ively IOdicate that tbe model is in ign ificant for both 

'-;)- tern . When the e t lmated p-\"a lue of the lack-of-fit I Ie than 0.05, there i tati tica l ly significant 

lack-of-fit at the 950 0 c n iidence le\ e l ,  i .e . ,  the model doe not adequately represent the data. 
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Figure 2 7 :  Correlations between pH. temperature and current density of CODoio reduction in CA system 

35 
]0 C OO ""  25  
20 

50 
COO 0;0 40 

30 
20 

S u rface P l ots of CO D % - EA syste m  

50 
COO % '40 

30 
'CC"0--./ '50 

pH 1 2  
C O  

H o l d  Values 

pH 9. 5 

Temp 27. 5 

C D  2 1 3 . 5  

Figure 28: Correlations between pH,  temperature and current density of COD% reduction in EA system 
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• COD % prediction - C sy tern a n d  E 

:-'1 ini tab and R M \\ ere u ed to create the model and calculate the predicted \ ale of the COD 0 0 

reduct1 n In and E y tern b e t imation the regre Ion coefficient . Table I ho\\. the 

compart on of the experimental and predicti  n \ ale of the COD 0 0 reduction in C and EA ystem . 

Fig 30 and 3 1 110v" the cattered plot that R� \ ere 94, 98, respectively in A and EA s tems, 

mean\\ h i le  the \ alue are t 0 10 ed b tween the experiment and prediction alues and the error wa a 

randoml) dl tributed. 

Table 1 L .  ompan on bet\\ een the  ODo 0 reduction experimental ly and prediction in  CA and EA sy  [ems 

CA System EA system 
COD COD 

RunOrder p H  Temp CD COD %Exp. %Prediction COD %Exp. %Prediction 

1 9 .5  27 .5  2 13 .5  2 1 .7 20.5 3 1 . 2  30.6 

2 9 .5  27 .5  2 13 .5  2 2 . 1  20.5 3 1 . 2  30.6 

3 1 2  3 5  2 13 .5  4 1 .2 3 8 . 1  3 3 . 3  33 

4 12 27 .5  143 34.8 36 .2  45 .8  47 .3  

5 12  27 .5  284 25 .2  2 3 . 7  40.6 42 .1  

6 7 27 .5  284 2 2 .9 2 1 . 5  3 5 . 6  3 3 . 9  

7 7 20 2 13 .5  20 .9  22 18 .7  18.9 

8 9 .5  20  143 2 3 .2 24.6 4 1 . 6  42.8 

9 7 35 2 13 .5  2 1 . 3  20 .2  2 1 . 9  2 3 . 8  

1 0  9 . 5  3 5  143 3 3 . 6  34.2  47 .5  46 .1  

11 9 .5  20 284 2 5 . 3  24.7 30.9 32 .3  

12 9 .5  3 5  284 23 .9  25 .9  44 .9 43.7 

13 9 .5  2 7 . 5  2 13 .5  18 .9  20.5 29.4 30.6 

14 7 2 7 . 5  143 16 .6  1 7 . 1  43 .3  41 .8  

15 1 2  2 0  2 1 3 . 5  24.4 2 5 . 5  2 5 . 2  2 3 . 4  
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4 . 2 . 2 .  T H %  R E D  T1 0 ;\  

I n  and E y tern the opt imum condition for glvmg a good performance efficiency o f  TH 

reduction 1 \\ hen pH, temperature, current den it are I �, 27 .5  and 2 4 m2 and 1 2 , 35 and 2 1 3 . 5  

m1 re pect l \ eJ}'.  

Fllrthennore, pH wa the onl ignificant parameter affect ing the TH reduction in the C sy tern with 

P-v a lue of 0.0 1 6  " hi le  0 .563 and 0.0 9 \ ere reported for temperature and current density, 

re pecl l'v ely. , 0 correlation bet\\ een the independent ariable was obtained as 0.5 1 6, 0.078, and 

0 ._60 P-value ( lack of fit = 0.096, R2 = O. 6 1 8  .) \J ere reported between pH and temperature, pH and 

urrent den Ity.  and temperature and current den ity. re pecti ely as shown in Fig.32.  In contrary, pH 

and temperature \\ ere the 1110 t ign ificant parameter affect ing the TH reduction with P-values of 

0.00 1 and 0.00 . respectively. imi lariy, no correlat ion between the independent variable wa 

obtained a 0.462. 0. 1 92 ,  and 0. 1 75 P-va lues ( lack of fit  = 0. 1 47, R2 = 0.9646))  were reported between 

pH and temperature, pH and current den i ty,  and temperature and current density, respecti ely as 

hown in Fig.  3 3 .  The model adequacy wa further eri fied by plott ing the normal probabi l ity and 

re idual plot for the re pon e, as depicted in Fig.34.  The residual s  analysi s  shows that there was no 

e'v idence of out l ier a a l l  the re iduals  fe l l  within the range of -3 to "'3 which is acceptable and they 

were randomly di tributed around zero, which indicates a h igh degree of correlation between the 

ob en'ed value and predicted values. In addit ion, the p-val ues of lack-of-fit were 0.096, 0. 1 47 in CA 

and EA y tems� respectively indicate that the model i s  insign i ficant for both systems. When the 

e t imated p-\ a lue of the lack-of-fit is les than 0.05, there i s  stat ist ical ly significant lack-of-fit at the 

95% confidence level , i . e . ,  the model does not adequately represent the data. 
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• T H  % red u ct ion  i n  A a n d  EA y tern 

1 1 1 l1i tab and R M � ere u ed to create the model and aJculate the predicted vale of the TH 0 0 

reductIOn In and E y tern by e t imation the regre ion coefficient . Table 1 9  show the 

compan:on oC the e perimental and predict ion ales oC lhe TH ° 0 reducti n in CA and EA ystem . F ig 

3 5  and 36 ho\\ the cattered plot that R" were 9 , 9  , re pect ively in C and EA yslem , meanwhi le 

the value are too c lo ed bet'" en the experiment and prediction val ues and the error \Va a randomly 

dl  tributed. 

Table 19 .  ompan 'on between the THo 0 reduction experimental ly and prediction in CA and EA y terns 

CA System EA System 
TH TH 

RunOrder pH Temp CD TH %Exp %Prediction TH %Exp %Prediction 
1 9 . 5  2 7 . 5  2 13 .5  38 .2  41  31 .8  30.8 
2 9 .5  27 .5  2 13 .5  39 .3  41  31 .8  30.8 
3 12  35 2 1 3 . 5  5 2 . 9  5 2 . 7  47 .7  44.7 
4 12 27 .5  143 32 .8  34 .5  23 .5  24 .7  
5 1 2  2 7 . 5  284 75 79.4 3 3 . 7  33 .9 
6 7 27 .5  284 23.8 2 2 . 1  1 2 . 1  10.8 
7 7 20 2 1 3 . 5  16 .6  16 .9  17 .7  16 .7  
8 9 .5  20 143 17 .3  18 .4 10 .1  9 .3  
9 7 35 2 1 3 . 5  28.9 30.7 30.8 29.2 

10 9 .5  35 143 9 . 1  8 .3 22 .6  24.4 
11 9 .5  20  284 19 .7  2 1 . 1  20.5 18.7 
12 9 .5  35 284 43 .8  41 .7  21 .6  23 .4 
13 9 . 5  2 7 . 5  2 13 .5  43 .5  4 1  28.9 30.8 
14 7 27 .5  143 33 .2  30.8 1 1 . 8  1 1 . 6  
15 12 20 2 13 . 5  59 .6 55 .8 35 .8 37.5 
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4 . 2 . 3 .  E C  A LI ;". .  '\ A � O  T D  R E O  Tl O � 

In and tem tbe optimum condition for gi ing a good performance efficiency of EC and 

TD reduction i \-\ hen p l I ,  temperature. current densi ty are ] 2, 27 .5  and 284 m2
, but for the a l inity 

reduction \\ hen pH , temperature, CWTent den ity are 1 2 , 3 5  and 2 1 3 . 5  m2 re pect ively. 

10reo\ er. pH and current den ity were the rno t signi ficant parameters affecting the electrical 

conducti\lt and a l inity in the C y tern with P-value of 0.000 and 0.00 1 ( R" 
= 0.9892, lack of fit = 

0.07). 0.000 and 0.00 1 ( R2 
= 0.9 97, lack of fit = 0. 1 29) ,  re pect ively. 0 correlat ions between the 

I I1dependent variable were observed n ither with re pect to sali nity nor electrical conducti i ty as 

ho\\ n 1 11 ( Fig. 37 and 39). Contro\ er y. pH and current den ity were the most signi ficant parameters 

affectrng the electrical conductivi ty \ ith P- alues of 0.000 and 0.003 ( R2 
= 0.9879, lack of fit = 0.56 1 )  

\\ herea pH I the onl ignificant parameter affecting the sal inity in the EA ystem with P-value 0.000 

( R
c 

= 0.99 1 L la k of fit = 0.595) .  A correlation was obta ined between pH and temperature, and pH and 

current den lty with P-value of 0.05 and 0.007, and between pH and temperature ( P -value 0.008 ) for 

electrical conduct ivi ty and sa l inity re pect ively a shown in  F ig. 46 and Fig.  48 

Additional ly,  pH and current den i ty were the most sign ificant parameters affecting the TDS reduction 

in CA and EA sy tern with P- alues of 0.000 and 0.00 1 ,  0.000 and 0.0 1 ,  respectively ( R
2 

= 0.9892, 

0.9 76. lack of fit  = 0. 1 36,  0 .338) .  0 correlat ion between the independent variables was obtained as  

0.076. 0.2 77,  and 0.906 P-\ a]ue were reported between p H  and temperature. pH and current density, 

and temperature and current density, respectively in CA sy tern. Yet, two correlations were observed 

between pH and temperature, and pH and current den ity with P-val ues 0.024 and 0.005 respectively 

as shown in  Fig .  3 8  and Fig.  47.  

The re idual analysis in  EC, TDS and Sal in ity % reduction shows that there was no e idence of 

outlIers as a l l  the residuals fel l  within the range of -2 to +2 which is  acceptable and they were 

randomly distributed around zero, which indicates a high degree of correlat ion betvv'een the observed 

values and predicted values. In addit ion.  the p-value of lack-of-fit were 0.07 and 0.56 1 ,  0. 1 36 and 
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0.33 and 0. 1 29 and 0 .S9S in  and E y tern ; re pecti \ e ly that indicate the model i in  igmficant 

that mean the model i fit .  When the e timated p-value of the lack-of-fit i Ie than O.OS, there is 

tati ·t i  al l  Igndicant lack.-of-fit at the 9So o confidence leve l .  i .e . ,  the model doe not adequately 

repre ent the data a hO\\ l1 in Fig. 49. Fig. SO and Fig. S I  

36 
30 EC °/0 

36 

Surface Plots of EC % - CA system 

CD 

60 
EC % qO 

20 

Hold Values 

pH 9.5 

Temp 27.5 

C D  213.5 

Figure 3 7 :  CorrelatIon between pH, temperature and current density of ECo·o reduction in CA sy tem 
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Figure 39: Correlations between pH,  temperature and current density of Salinity% reduction in CA system 
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• E . TD a n d  a l i n i ty 0'0 p red ict ion i n  y t ern 

�1 ln l lab and R \1 \\ ere u 'ed to create the model and calculate the predi ted " ale, of the E , TD and 

al ln l l) 0 0 rcdulllon In A sy. tem b) e tlmallon the regressIOn e efficlents Table 20 how the the 

e peri mental and predIctIOn " ales of the E . TD and a l ln lt} 0 0 redu lIOn In y tern Fig 40.42 

and 44 . ho\\ the !>cattcrcd plot that R� were 99, 9. 99, re pect l \  e ly for E , TD and al iOlty In C 

) tern. and the error \\ as randoml) dl�tnbutcd 

Table: 20' Compamon between EC. TO and ahnlf) 00 reduc\lon e"penmentall) and prediction in CA y tem 

CA system 

f>alinity 
RunOrder pH Temp CD EC %� EC %Prediction hll 'rn<; Predi ""1 I<;�li nity %� !%Predlctlon 

1 9 . 5  2'75- '1� 24.8 24. 3  24 8 24 28 2 7 6 

2 23.1 24. 3  3 1  24 7 27 4 2 7 6 

3 1 2  -'2.9 71 .6  3 8  7 9 74 4 7 3 5 

4 49.1 50.7 5 52 5 51 5 5 3 2 

5 7004 68.5 71 ':;  9 8  7 2 5 70 4 

6 7 27 5 28 34.7 33.1  36 7 34 - 36 6 34 9 

7 z: 36.9 38.4 37 9 38 9 38. 3 39,2 

8 9 .. <; 20 1 21 .8 20.6 22 2 21 1 22.4 2 1 4  

9 34.-' 33 5 8  34 7 36 4 35,1 

10 � 3<; 1 24.1 23.9 25 24 25 5 2 4 7 

11 35.7 35.8 34 2 3S 1 34 6 3 5 5  

U 33.9 36.2 35 1 3- 2 35 4 3 7 4  

13 9 5  24.9 24. 3  26 24 7 26 3 2 7 6 

14 22.6 23. 5  23 24 8 24 1 25,2 

15 60.7 62.5 62 63 5 63 64 3 
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• EC T O  a n d  a l i n i ty % p redict ion i n  EA � tem 

M ln t tab and R M were u ed to create the model and calculate the predicted vale of the EC, TD and 

al lmt) 00 reduction In EA y tem b est imation the regre slOn coefficient . Table 2 J how the the 

e. perimental and predictIOn \ ale of the E . TD and al inity 00 reduction In CA sy tem. Fig 4 1 ,43 

and 45 show the cat1ered plot that R1 were 99, 99, 99, re pectlvely for EC, TD and alinity in EA 

system. and the error wa rand ml di tributed. 

Table 21 Comparison between EC, TD and a l  mity o. reduction expenmentally and prediction m EA sy tern 

pH Temp CD EC � W 
-

32 9 -

5 - " :. 5' 32.9 -

L 'i 5 3 9 

I :  "). -
38.3 

, - , -
69 7 - - -

- -
1 1.5 -

- . - , " 116 - - -� 
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4.1 · - . 

- - " " , c .! 3 JJ - -

.. -
4.7 · J:' �- -

-
14 · - - -

" 
19. � - - � -

" - " 
: ... _ 5 28.6 � - - . 

- - " , 
12.9 - .- � 

2 - - " 39.8 L ,- _ oJ  _ 
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EC ." Prediction 

3G S 

30.S 

54.3 

38.1 

67 

11.S 

ltA 

3 . 9  

5 .9  

4 .5  

1 .6 

20.6 

30.S 

13.9 

�2.3 

T;)S 

63 

3_ 1 

32 1 

cc -- -

�.� !! 

- -

10.3 

1� 

71 

- . 

5 2  

.., -. 

�8 5 

2: 2 

_5 3 

-
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:- 5 
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� 1 

! :l 
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- 1 -
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33 - '1 � �- !> 
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5 3  5 1.� 
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!5_� 173 
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4 . 3 .  A R BO D I O X I D E C\PT R I ;\ G 

To find the e ffic Iency of CO2 capturing. area under the cun e of the CO2 captured value with t ime 

mu '( be calculated u ing the graph oftware. 

'to le  of eOl capt u red = [Area * FlO\., rate ( Llmin)*  ( I  mole O2/ 22.4 L)]* ( J OI l OO) of CO2 

l\Io le  of O2 I = [flO\\ rate ( LI min) * Time ( min)  * ( 1  mole Oi 22 .4 L) * O. J of CO:J 

O2 Capt u ring  effic iency ( % )  = moles of CO2 ca ptu red / moles of CO2 I N  

RO Area 

1 1 12 2 7  

2 1 1 2 2 7  

3 9 2 1 2. 5  

4 9864.5 

5 5945.4 

6 1 1 14 2 . 5  

1 1 1 698 

8 406 3 . 5  

9 1 1 700.5 

10 4476 

11 1 3 1 29 

12 1 5 1 1 1  

13 1 1900. 5  

14 9474.25 

15 I 4184.25 I 

Table 22:  O2 capturing e fficienc (%) 

Total CO2 IN  (mole) CO2 Captured (mole) 

10.45 6.52 

10.45 6.52 

10.45 5 . 3 5  

10 .45 5 . 7 2  

10.45 3 .45 

10.45 6 .47 

10.45 6.79 

10.45 2 . 3 6  

10.45 6.79 

10.45 2 . 5 9  

10.45 7 .62 

10.45 8.76 

10.45 6 . 9 1  

10.45 5.49 

10.45 2 .43 

CO2 Capturing efficiency (%) 

6 2 . 3 7  

62.37 

5 1 . 18 

54.80 

33.03 

6 1 .90 

64.99 

2 2 . 5 8  

6 5  

24.87 

7 2 .94 

83.95 

66. 1 1  

5 2 .63 

2 3 . 2 5  I 
Fig. 5 2  sho\\ that the perfect conditions for capturing carbon dioxide from air were 9 .5 ,  3 5  and 284 

A mC for p H .  temperature and current density, respecti e ly;  the highest CO2 capture efficiency was 
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Figure 52: 0 0 of CO:; capturing cffeciency \' . Run order 

The CO:: capture ha no correlation with any of the independent variables (Table 23 ) .  

The  anal) 1 \\ as  done u ing  coded units .  

Table _3: E t imated Regres ion Coefficients for CO2 Captur.ing efficiency (0 0) 

T e rm Coe f SE Coe f T P 

C o n s t a n t  2 7 . 5 8 0 1  1 . 6 9 8  1 6 . 2 4 6  0 . 0 0 0  
pH 1 5 . 8 7 5 4  1 . 0 4 0  1 5 . 2 7 0  0 . 0 0 0  

Temp 1 . 2 9 5 3  1 . 0 4 0  1 . 2 4 6  0 . 2 6 8  
C D  6 . 7 0 7 3  1 . 0 4 0  6 . 4 5 2 0 . 0 0 1  

pH * p H 2 0 . 7 9 3 5  1 . 5 3 0  1 3 . 5 8 8  0 . 0 0 0  
Temp * Temp 4 . 6 4 4 2  1 . 5 3 0  3 . 0 3 5  0 . 0 2 9 

C � * C D  - 2 . 4 6 1 3  1 . 5 3 0  - 1 . 6 0 8  0 . 1 6 9  
p H * Temp 3 . 3 2 4 7  1 . 4 7 0  2 . 2 6 1 0 . 0 7 3  

pH * C D 1 . 8 7 6 2 1 .  4 7 0  1 . 2 7 6  0 . 2 5 8  
Temp * C D - 0 . 3 1 8 5  1 . 4 7 0  - 0 . 2 1 7  0 . 8 3 7  

R-Sq = 60.60% R-Sq(pred) = 0.00% R-Sq(adj )  = 0.00% 
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Fr m the aforem ntloned di eli ion, it could be concl uded that : 

For E sHtern: 

• 00 reductl n = fn (pH.  T, CD) 

• TH reduction - fn (pH.  T )  

• E fn ( p H ,  D )  

• al IIl1lY reduction - fn ( p H )  

• TD reductIon = fn ( pH,  D)  

For C A  , tern: 

• TH reduction = fn ( p H )  

• EC - fn (pH.  D)  

• alJ l1 I l) reductIon = fn (pH,  CD) 

• TDS reductIon = fil ( pH ,  CD) 

To conclude, the be t treatment t ime had chosen 3 hours for both ystem becau e i t  yielded the highest 

reductIOn efficiencie for the EA y tem ( around 47.47�0, 47 .75%, 69.66%, 36 . 1 %, 7 1 .4% and 53% for 

COD, TH,  EC, pH,  TD and sal iril ty ) ,  re pecti\ely under specific conditions and the overall opt imum 

condition for the highest 0 
° reduct ion i under 1 2, 27 .5  and 284 m� as pH,  temperature and current 

den i ty, re pectively. On the other hand, for the CA system, the highest reduction efficiencies are 

(42° 0, 75° 0 . 73°'0.46. 73 and 74�'0 for COD, TH, Ee, pH, TDS and sal inity),  respectively under spec i fic 

conditions and the overa l l  optimum conditions for the highest % reduct ion is under 1 2 , 3 5  and 2 1 3 . 5  

A m� a pH. Temperature and current den i ty, respectively. 

4.4.  I M P ACT O F  I N I T I A L  p H 

To tudy the performance of the e lectrocoagulation process, i nitial pH of the solution is one of the 

parameter that should be studied ( Do and Chen, 1 994; Tir and Mostefa, 2008) .  I t  is concluded by the 

re earcher ( Daneshvar et a l . ,2006; Yy1dyz et a l . ,  2008) that the pH of the reaction solution changes 

dunng the e lectrocoagulation process and the [mal  pH of the effluent actual ly affects the 0 era l l  

treatment performance. When the ini t ial pH value is less  than 4 (acidic),  the effluent pH increases, 
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\\ h l ie  It tend to decrea e when the Init ial pH value i higher than 8 (ba ic ) ,  and the pH of the effluent 

change only I tghtl \\ hen the ini t ia l  pH \ alue i in the neutral range (around 6- ) ( Kabda I I  et aL 

20 1 2 ) .  The \ alue f the pH \\> a detected that the pH of the proce sed indu trial wastewater increa ed 

\\ hen the pI l of the effluent bet\\ een (4-7) that i becau e of the hydrogen e\'olution at cathode by ik 

et a t .  ( 1 9 -+) and becau e of the relea e of O2 from IDdustrial wa tewater owing to H] bubble 

di turbance by Chen ( 2004) In addit ion. the chemical di solut ion of aluminium gi \ es ri e to the pH 

l l1crease \\ hich could be explalDed by the exce of h droxyl ions produced at the cathode and by the 

l iberation of 01 {- due to the occurrence of a paJiial e 'change of cr with OH- in Al (OH )3 ( Feng et a t . ,  

2007) .  Fig 5 5  and 56 ho\\ that the effect of pH on COD and TH reduction efficiencies in  CA and EA 

y tern are 7 and 1 2 , 1 2  and 1 2 , re pect i\'ely .  

8 0  

7 0  

� 60 
*-� 50 

.g 40 u 
� 30 ClJ 0: 

20 

10 

o 

-+- CO D % reduction 

o 5 

�TH % reduction 

1 0  1 5  
pH 

Figure 55 :  I mpact of in i t ia l  pH for COD and TH 0 0 reduction - CA system 
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Figure 56 :  Impact of init ial  pH for COD and TH % reduction - E A  system 
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4.5 .  I \ l P T O F  C U R R E ;\I T  D E N  I T Y  

Depict the effect of current den ity o n  OD and TH reduction efticiencie i n  C A  and E ystems are 

"2 1 3 .5 and 1 43 m
2 '"and " 2  4 and 2 1 3  m2" , re pect ively i required for good efficiencies ( Fig, 57 

and 5 ). 
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Figure 57 :  I mpact of current density for COD and TH �o reduction - CA system 
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Figure 58 :  I mpact o f  current density for C O D  a n d  TH % reduction - EA system 
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4.6 .  h l P  T O F  T M P E RA T  R E  

FIg 5 9  ho\>' that there i no effe tive relation \\ hen changlJ1g the temperature on the COD, TH and 

E respon e In  system. Ho\\ e\ er, In E y tems the impact of temperature on COD and TH 

reduct l n efficlencie are 27 .5  and 3 5 °C a hown in Fig. 60. 
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4 . 7 .  L t:J R R Y  \VA T E  C H A RA CT E R l  T I  

ETTLI ;,\, G  T E  T 

C H  F I LT E RA B I LI TY N D  

4.7. 1 Fi l tera b i l i ty t e  t 

sho\\ n III Fig.6 1 the highe t fi lterability rate III y tern I 1 7  mt 'min and it i under condition 9 .5 , 20. 1 43 

A mC as pH.  temperature and CUlTcnt dcnsit respect ively. On the other hand, In EA ystem the highe t 

fi ltcrablht) rater I 7 .5  mllmill and JI is under 1 2, 27 .5 and 1 43 a pH, temperature and CUlTent den ity 
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A shown i n  Fig. 64 and 65 the fa te t ett l ing velocity i n  CA ystem i s  under 1 2 , 27 .5  and 1 43 

a pR temperature and current density respect ively and these part icles are huge, heavy, spherical 

molecule . In EA system the fastest sett l ing velocity is under 1 2 , 35 and 2 1 3 .5 

temperature and current densi ty re pectively.  The slowest sett l ing particles, which sometimes canDot 

be ett led accurately or properly, are t iny, l ight, i rregularly shaped molecules. And for anything in  

between, here i a general guide as to  what characteristics increase the rate of thickening such as: 

spherical or near-spherical particles, heavy part ic les, d i lute l urries and concentration . 
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C H A PT E R  F I V E : Co C L U  1 0  A D RECO M M E  D A  T I O  S 

5 . 1 .  Co� L I O �  

\Va. te\\ ater treatment b, e lectr coagulation j an environmental !  friendly proce that require no 

addit IOn of chernical . yield high quality effluent. and require hort treatment times and simple 

operat IOn. Th obje  t i \  es of thi the i \\ ere to evaluate the potential u e of electrocoagulation in the 

treatment of carbide lurry; a wa te\\ ater generated during the acetylene production process. Se eral 

e periment u ing an e lectrochemjcal batch reactor were carried out at different current den ities. 

temperature , and pH ranging between 1 40-290 m2, 20-35 DC, and 7- 1 2 , respect ively. The pure air 

( EA ) tern) and the J Oo 
° of carbon dioxide (CA y tern) were used to en ure good mixing and 

sol utIOn homogeneity. Below is a ummary of the study ' s  major findings : 

E A  syStem 

The highe t TH reduction (48° 0) were obtained at 2 1 3 . 5  m", 3 5 °C, and 1 2  o f  current density, 

temperature, and pH, re pectively. The highest COD reduction was (47° 0) at 1 43 m
2
, 3 5 °C. and 

9 .50f current density, temperature, and pH.  respectively. I n  addit ion, the highest reduction of sal inity 

(530 0) and TDS ( 7 1 %) were recorded while the electrochemjcal reactor operated at current density, pH 

and temperature of 2 1 3 . 5  m", 3 5 °C, and 1 2, 2 84 AIm", 27 .5  °C, and 1 2 , respecti ely. Furthemlore, 

tatistical analy i s  sho\\ ed that COD, TH.  TDS, and a l in ity reduction were sign ificantly affected and 

function of pH,  temperature, and current density, pH and temperature, pH and current density, and pH. 

re pectively. 

CA system 

The h ighest COD reduction (4 1 %) was obtained at 1 43 m", 3 5 °C, and 9.5 of current density, 

temperature, and pH.  respectively. The maximum TH reduction ( 75%) was reported while 284 

27 .5  °C, and 1 2  of current density, temperature, and pH, respectively were implemented . In addi tion, 
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the h lghe t reduction of al init ( 74° 0)  and TO ( 74°'0) were recorded \\ hi le  the ele t rochemical 

reactor operated at current den it) . pH and temperature of 2 1 3 .5  m�. 35 0c. and 1 2 . respectively. The 

h lghe t O2 capture ( 4°'0) \\ a btained at 2 4 m�. 3 5 °C. and 9.5 of current density. temperature, 

and pH.  re 'pect i \  ely oreO\ er.  tat i  t ical analy i ho\\ ed that T H , TD . and a l in ity reduction Vlere 

tgnd icantly affected and funct ion f pH.  current den t ty. and pH.  and p H  and current den ity, 

re pecl 1vcl} . 

Final l  , I t  could be ummarized that the qua l i ty of the treated a tewater a well as the 

generated by-product could be enhanced through control l i ng the operating condi tions in the 

e lectrochemical reactor. E lectrocoagulation process can enhance the reduct ion efficiency of COD . TH, 

electrical conductivity. a l inity, TO and at  the ame t ime, contribute to carbon dioxide capture. 

Overa l l ,  this re earch study showed that e lectrocoagulation is environmental ly compat ible and rel iable 

technique for the management of carbide lurry wastewater. 
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5 . 2 .  R E  O M M E  ' D T I O l'i  

B a  ed o n  the experimental re u l t  obtained i n  the pre ent rudy, the fol lowing future 

tudle are recommended: 

I .  Evaluate the continuou operat ion of  an e lectrocoagulation reactor for the treatment 

of  carbide lurry at the obta ined optimum conditions. 

I Carry out numerical model ing for the rate of  reduction of  COD, TH, TDS and 

a l in i ty at di fferent operat ing conditions 

3. E pand the study into a p i lot- cale to e a luate  i ts perfonnance at d ifferent 

operat ing condit ion 
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10% CO2 - CA SYSTEM 

Table 24 Combination of e\penmel1l obtamed from Respon e urface Method C system 

Co2 Capturing 
COD % TH % EC % pH % TDS % Salin ity % effeciency (%) 

2 1 .69 38.17 24.85 38.86 24.85 29.05 62.37 

22 .09 39.33 2 3 . 1 0  37.01 2 3 . 10 27.37 62.37 

4 1 . 16 52 94 72 .99 4 1.54 73.84 74.39 51.18 

34.82 32.88 49. 12 40.87 50.55 5 1 . 4 5  54.80 

25.25 75.00 70.39 4 1 .00 7 1 .99 72.50 33.03 

2 2 .89 23.77 34.67 24.40 36.69 36.62 61.90 

20.96 16.67 37.00 28.95 37.99 38.30 64.99 

2 3 . 1 7  17.29 2 1 .85 40.04 2 2 . 19 2 2.44 22.58 

2 1 . 3 3  28.95 34.76 18.76 35.83 36.36 65.00 

3 3.61 9.07 24. 1 1  36. 1 2  25.00 25.55 24.87 

25.35 19.68 35.73 4 6. 1 7  34.10 34.62 72.94 

23.91 43.83 33.94 42.95 35.14 35.44 83.95 

18.94 4 3 . 5 1  24.93 42.64 26.03 26.32 66. 1 1  

16.61 33.21 22.61 18.14 23.01 24.08 52.63 

24.38 59.57 60.73 44. 1 7  62.34 63.02 23.25 

100% Air - EA System 

Table 25 CombinatIOn of expenments obtained from Respon e urface Method EA system 

CD COD % TH % EC % pH % TDS % Salinity % TSS % 

2 1 3 . 5  3 1 . 2 1  3 1 .84 32.90 20.41 32.10 33.41 126.18 

213.5 31.21 3 1 .84 3 2 .90 20.41 3 2 . 10 33.41 126.18 

2 1 3.5 3 3 . 2 6  47.75 53.88 1 1 .95 55.67 53.01 400.00 

143 45.76 23.52 38.33 36.08 40. 38 35.72 1260.81 

284 40.64 3 3 . 7 1  69.67 12 .99 7 1 . 4 1  38.72 432.93 

284 35.59 12 .06 1 1 . 5 1  -5.03 10.34 8.08 373.48 

2 1 3 . 5  18.68 1 3 .69 1 1 .82 - 1 8 . 1 5  1 2 . 0 1  16.39 508.43 

143 4 1 . 64 1 2 .08 4.10 1 7 .93 7.06 1 1 .47 571 .30 

2 1 3.5 2 1 .98 30.86 4 . 3 3  - 1 1 . 3 8  2.09 8.97 133.33 

143 4 7 . 47 22.56 4.67 16.95 5 . 1 7  9.00 310.00 

284 30.96 20.54 14.39 1 1 .03 14.73 1 1 .28 420.24 

284 44.91 20.58 19.43 1 1 .02 18.49 16.01 279.67 

2 13.5 29.42 28.98 28.64 18.74 28.19 29.90 84.86 

143 43.32 1 1 .81 1 2 .92 -10.62 15.93 7.01 541.37 

2 1 3 . 5  3 1 . 2 1  3 1 .84 3 2 .90 20.41 32.10 33.41 126.18 
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Table 24 OmbtnatlOn of expenment obtamed from Respon e Surface Method C ystem 

Co2 Capturing 
COO % TH % EC % pH % TDS % Salinity % effeciency (%) 

2 1.69 38. 17 24.85 38.86 24.85 29.05 62.37 

2 2 .09 39.33 2 3 . 1 0  37.01 23.10 27.37 62.37 

4 1 . 1 6  52 94 72.99 41.54 73.84 74.39 5 1 . 18 

34.82 3 2 .88 49. 1 2  40.87 50.55 51 .45 54.80 

25.25 75.00 70.39 4 1 .00 71 .99 72.50 33.03 

2 2 .89 23.77 34.67 24.40 36.69 36.62 6 1 .90 

20.96 16.67 37.00 28.95 37.99 38.30 64.99 

2 3 . 1 7  17.29 2 1 .85 40.04 22.19 22.44 22.58 

2 1. 3 3  28.95 34.76 18.76 35.83 36.36 65.00 

33.61 9.07 24. 1 1  36.12 25.00 25.55 24.87 

25.35 19.68 35.73 46. 17 34.10 34.62 72 .94 

23.91 43.83 33.94 42.95 35.14 35.44 83.95 

18.94 43.51 24.93 42.64 26.03 26.32 66. 1 1  

16.61 3 3 . 2 1  2 2.61 18.14 23.01 24.08 52 .63 

24.38 59.57 60.73 44. 17 62.34 63.02 23.25 

100% Air - EA System 

Table 25 Combination of experiment obtained from Re ponse Surface Method E A  system 

CD COO % TH % EC % pH % TDS % Salin ity % TSS % 

2 1 3.5 3 1 . 2 1  3 1 .84 3 2 .90 20.41 3 2 . 1 0  3 3 . 4 1  126.18 

2 1 3 . 5  3 1 . 2 1  3 1 .84 32 .90 20.41 3 2 , 10 33.41 126.18 

2 1 3.5 33.26 47.75 5 3 .88 1 1 .95 55.67 53.01 400.00 

143 45.76 23.52 38.33 36.08 40.38 35.72 1260,81 

284 40.64 3 3 . 7 1  69.67 1 2 .99 7 1 . 4 1  38.72 432.93 

284 35.59 1 2 .06 1 1 . 5 1  -5.03 10.34 8.08 373 .48 

2 13.5 18.68 1 3 .69 1 1 .82 -18.15 12.01 16.39 508.43 

143 4 1 .64 1 2 .08 4.10 17.93 7,06 1 1 .47 571 .30 

2 1 3 . 5  2 1 .98 30.86 4.33 - 1 1 . 3 8  2.09 8.97 133 .33 

143 47.47 22.56 4.67 16.95 5 . 17 9.00 310.00 

284 30.96 20.54 14.39 1 1 .03 14.73 1 1 .28 420.24 

284 44.91 20.58 19.43 1 1 .02 18.49 16.01 279.67 

2 1 3. 5  29.42 28.98 28.64 18.74 28.19 29.90 84.86 

143 43.32 1 1 . 8 1  1 2 .92 - 1 0.62 15.93 7.01 541.37 

2 1 3.5 3 1 . 2 1  3 1 .84 3 2 .90 20.41 3 2 . 10 33.41 126.18 
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Table 26: Fil terabIl ity te t - CA ) tern 

(mI l 

Tlme ( mm) ROI &2& 1 3  R03 R04 ROS R06 R07 ROS R09 RO I O  RO I l  ROI :!  ROl4 RO l 5  

0 0 0 0 0 0 0 0 0 0 0 0 0 0 

I 1 2  1 5  1 6  1 6  1 8  '5 10 1 7  1 6  1 8  1 4  1 5  1 7  

2 1 - 24 29 25 28 36 27 29 26 '28 23 24 '26 --

3 29 28 36.5 29 32 39 33 33 3 1  '29 28 3'2 32 

4 3 2  32 43 32 36 42 37 36 35 33 3'2 34 34 

6 37 36 46.5 35 39 42 40 38.5 38 5 39 35 42 40 

1 0  38 39 49 38.5 4 1 5 42.5 42 39 5 4 1  39.5 37.5 43 40.5 

1 5  39 40 50 39 4 1 .5 4'2.5 42 40 4 1 .5 40 39 43.5 4 1  

25 39 40.5 50 39 42 425 42 40 4 1 .5 40 39 43.5 4 1  

40 40 4 1  50 39 5 4'2 42 5 42 40 42 40 39 43.5 4 1  

60 40 4 1  50 39.5 42 43 42 40 42 40.5 39 43.5 4 1  

1 20 40 4 1  50 40 42 43 42 40 42 4 1  39 43.5 41 5 

Table 27 :  Fi l terabi l i ty lest - EA system 

( m!)  

Tlme ( mm) RO I &2& 1 3  ROJ R04 R05 R06 R07 R08 R09 RO I O  ROI l R0 1 2  R 0 1 4  R0 1 5  

I " 1 9  1 6  22 1 6  1 1  1 8  1 2  1 7  30 2 1  29 13 - -

2 32 33 '29 34 20 1 5  '28 1 9  24 34 26 33  37 

3 34.5 39 36.5 38 22 1 9  34 24 29 37 29 33 44 
4 35.5 43 43 38 25 2� 38 28 32 39 30 33 47 

5 36 45 46.5 38.5 '5 24 40 30 34 39 30 33 47.5 

6 3 7  4 6  4 9  40 25 25 41  3 1  36 39 30 33 48 

1 0  37 47 50 40 26 26 4-l 33 3 8  3 9  3 0  3 3  4 8  

1 5  3 7  47 50 40 26.5 26.5 44 33.5 38.5 39.5 30 33.5 48 

20 37 47 50 4 1  26.5 26.5 4-l 34 39 39.5 30 34 48 

25 37 47.5 50 4 1  26.5 27 4-l 34 39 39 5 30 34 48 

30 37 48 50 4 1 27 '27 4-l 34 39 39.5 30 34 48 

35 37 48 50 4 1  2 7  27 44 34 39 39.5 30 35  48 

60 4 1  49 50 43 30 29 46 35 40 43.5 33 37 49 
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Selthng Tc,( 
rrlme(mln) RO I &1& 1 3  R03 

0 50 50 

5 49 50 

1 0  4C) 48.5 

1 5  48 48 

20 48 48 

30 48 47 

60 40 44 
90 _'2 4 1  

1 20 30 37 

1 50 17 32 

1 80 25 28 

Settling Test I Tlme(mln) RO I &2& 1 3  R03 

0 50 SO 
2 49 1 0 

4 49 9 

8 47 9 

20 42 7 

30 39 6 

40 35 6 

50  3 1  5 

60 29 5 

70 27 5 

90 25 5 

1 00 25 5 

Table 2 elUing te t- CA y tern 

R04 ROS R06 R07 R08 R09 

50 50 50 50 50 50 

45 50 48 48 49 '19 

40 49 47 46 48 48 

36 48.5 45 44 43 5 45 

25 48.5 44 4 1  3 9  4 1  

2 1  48 39 36 30 32 5 

1 5  47 30.5 29 24 24 

1 4  45.5 25  24 2 1 5 2 1  

1 4  44 2 1  2 1  1 9  1 9  

1 4  42 1 8  1 9  1 8  1 8  

1 4  40 1 6.5 1 8  1 7  1 7  

Table 29: Sett l ing lest - EA system 

R04 ROS R06 R07 R08 R09 

SO 50 50 50 50  50 
46 48 49 49 49 49 

39 30 49 49 49 49 

33 26 48 48 48 48 

1 1  20 48 48 47 48 

9 1 8  48 48 47 48 

8 .5  1 6  47 48 46 47 

8 1 5  47 47 46 47 

7 1 5  46 47 46 46 

6 .5  1 4  45 46 45 45 

6 1 4  44 45 43 44 

6 1 4  43 45 43 44 

9 1  

RO J O  RO I l  RO l 2  ROl4 RO l 5  

50 50 50 50 50 

49 48 50 49 '19 

49 47 48 48 49 

48 45 47 '10 49 

48 '14 47 34 48.5 

46 42 45.5 27 48 

39 3 1  44 20 37 5 

3 1  30 4 1  1 6  30 

25.5 25  38  1 6  27 

22 22 35 1 5  25 

2 1  20 33  14  20 

RO I O  ROI L RO l 2  RO l 4  RO I S  

SO SO  SO  50 50 
49 49 49 49 48 

49 49 49 49 35 

48 49 49 48 25 

48 48 48 48 1 3 

47 47 47 47.5 7 

46 46 47 47 6 

45.5 45 46.5 46 6 

45 45 46 46 6 

44 44 44 45 6 

42 43 44 45 5 

4 1  42 45 45 5 



E q u at i o n s  

C O D  % pred ict ion 

CA y tern 

COD%pred ict ion 

EA s tem 

= 79.0635  + (2 .85807 * pH)  + (4.85305  * Temp) + (0.09 1 23 7 1  * CD) 

+ (0. 253755  * pH * pH) + (0.0769938 * Temp * Temp) 

+ (0.000505326 * CD * CD) (0. 192027  * pH * Temp) + (- 0.023903 * pH * CD) 

+ (-0.00395793 * Temp * C D) ( 1 3) 

C O D  % pre d i c t i o n  

= 1 04. 1 74 + (7 .57 144 * pH) + ( 1 .95355  * Temp) + (- 1 .35462 * CD 

+ (-0.46004 * pH * pH) + (-0.0525408 * Temp * Temp) 

+ ( 0 .002 73409 * CD * CD) + (0.063 3 3 6 1  * pH * Temp ) 

+ (0.003 7 1 1 23 * pH * CD) + (0 .00384 104 * Temp * CD ) ( 1 4) 

T H  % p redict ion 

CA ) stem 

TH % p rediction 

= 35.6857 + (-30.3439 * pH) + (9.8 1 282 * Temp) + (-0.308475 * CD) 

+ ( 1 .39027 * pH * pH) + (-0. 1 8953 * Temp * Temp ) + (0.00 1 60502 * CD * CD) 

+ (0.2 25497 * pH * Temp ) + (0.0759 7 1 2  * pH * CD) + (0.0 1455 1 5  * Temp * CD) ( 1 5) 

EA s) stem 

TH % pred iction = - 1 38.775 + (- 1 .24342 * pH) + (2 .47 1 95 * Temp) + ( 1 .050 1 4  * CD) + (0. 1 98955 * 

p H  * pH) + (-0.00 1 67985 * Temp * Temp) + (-0.00238506 * CD * CD) + (-0.0700795 * pH * Temp) + 

(0.0 1 4 1 054 * pH * CD) + (-0.00493592 * Temp * CD) ( 1 6) 

92 



T O  a n d  a l i n i ty % p rediction C - E 

CA system 
• EC % Predict i o n  = 3 79.366 + (-65 . 1 747 * pH)  + (-7.4 1 0 74 * Temp) + 

(0. 1 3 6 1 85 * CD) + (3.34902 * pH * pH)  + (0. 1 09236 * Temp * Temp) + 

(0 .000256986 * CD  * CD) + (0 . 193 1 93 * pH * Temp) + (0.0 1 1 662 1 pH * CD ) + 

( -0.0 0 1 44 1 3 8  * Temp * CD) ( 1 7) 

• TDS % Predicti o n  = 392 . 192  + ( -67.8 1 9 2  * pH)  + (- 7.20666 * Temp) + 

(0. 1 05369 * CD ) + (3.5 1 735  * pH * pH)  + (0. 1 04087 * Temp * Temp) + 

(-0.000232996 * CD * CD) + (0. 1 8 1 96 1  * pH * Temp ) + (0.0 1 0 5892 * pH * CD ) + 

(-0.000359972 * Temp * CD ) ( 1 8) 

• S a l i n i ty % Predi ct ion = 346.693 + (-64.0 109  * pH ) + ( - 5.924 1 4  * Temp ) + 

(0.2 2 203 1 * CD ) + (3 .3 2695  * pH * p H ) + (0.0825628 * Temp * Temp ) + 

( -0.0004952 1 6  * CD  * CD) + (0. 1 773 1 5  * p H  * Temp ) + ( 0.0 1 06453 * pH * CD) + 

( -0.000602336  * Temp * CD) ( 1 9) 

EA system 

• EC % Pred i ct i o n  = 1 . 1 6 1 29 + (-37.5086 * pH)  + (9.25688 * Temp) + (0 .278 0 1 9  * 

CD) + ( 1 .55833  * p H  * p H )  + (-0 .2 14608 * Temp * Temp ) + ( -0.00 1 57846 * CD * 

CD)  + (0.2 3 29 1 5  * p H  * Temp) + (0.044 1 9 1 9  * pH * CD) + (0.00258707 * Temp * 

CD ) (20) 

• T D S  % Predicti o n  = 5 1 .6959 + (-40.9896 * pH)  + (8.5681  * Temp) + 

(0.0705068 * CD) + ( 1 . 5923 * pH * p H )  + (-0.22 1 3 2 3  * Temp * Temp) + 

(- 0.00 1 28797 * CD  * CD) + (0.3 1 3 19 1  * p H  * Temp) + (0.049 1 0 1 4  * pH * CD) + 

(0.003 1 4466 * Temp * CD) (2 1 )  

• S a l i n ity % Prediction = -87.3589 + (- 1 4.7764 * pH)  + (3 .20269 * Temp) + 

( 1 .0482 * CD) + (0.677 1 26 * p H  * pH)  + (-0. 1 1 5748 * Temp * Temp) + 

(-0 .0027307 * CD  * CD) + (0.267045 * p H  * Temp) + (0.004 1 579 * p H  * CD) + 

( 0 .0034985 * Temp * C D) (22) 

9 3  



G ra p h s  

c 
0 

.;> u 
:J 

"D 
Q) 

a: 
� 

50 

45 

40 

3 5  
c: 
0 30 ';:; u ::l 2 5  '0 Q) a: 20 � 

1 5  

1 0  

5 

0 

45 

40 

35 

30 

25 

20 

1 5  

10 

5 

0 � ;:: !;:: !;:: 0;:: :,- !;:: 
1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 1 5  

RunOrder 

. COD %Exp. 
• COD %Prediction 

t;7 

FIgure 66: Run-order \ erses COD 00 reduction experimentally and prediction - CA ystem 

� 
-

1 1 
-t 
J • COD %Exp,  

• COD %Prediction 
; 

-

..J..: t: !;:: I- ;:: 1;::: 7' 
1 2 3 4 5 6 7 8 9 10 1 1  1 2  1 3  14 1 5  

R u n  Order 

Figure 67:  Run-order verses COD �o reduction experimental ly and prediction - EA system 

94 



c 
0 
U :J 
-0 OJ 
0:: 
"* 

c 
.� 
... v :J 
-0 
ClJ 

0: 
"* 

80 

70 

60 

50 

40 

30 

20 

1 0  

0 

CA system 

1 2 3 4 5 6 7 8 9 1 0  11 1 2  1 3  14 1 5  

Ru nOrder 

. TH %Exp 
• TH %Predlctlon 

Figure 6 ; Run-order ver e TH o'oreduction experimentally and prediction - CA system 

EA system 

50 

45 

40 

35 ; 

30 .J 
2 5  . TH %Exp 
20 � 
1 5  

• TH %Prediction 

10 

5 ; 

0 
1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 1 5  

R u n  Order 

Figure 70 Run-order verses TH ° 0 reduction experimental ly and prediction - EA system 

9 5  



80 � 

70 

60 

c: 50 
o 
'B -6 40 
aJ 
a:: 
*' 30 

20 

10 

o I..,- I..,- ""r I..,- I..,- I..,- l..,-
i 2 3 4 5 6 7 8 9 10 1 1  12 13 14 1 5  

R ubOrder 

• S a l i n ity %Exp 

• S a l i n ity %Prediction 

FIgure 73: Run-order verses Salinity 00 reduction e 'perimental ly and prediction - CA system 

70 

60 

50 -t 
c: 
.2 
ti 40 
:l "0 
� 3 0  
*' 

20 

o 

EA system 

1 2 3 4 5 6 7 8 9 10 1 1  1 2  1 3  1 4  1 5  

R u n  Order 

• E C  %Exp 

• E C  %Prediction 

Figure 74: Run-order verses % EC reduction experimental ly and prediction - EA system 

97 



c 
0 

';; u ::s '0 QJ a: 
'* 

80 

70 

60 

50 

40 

30 

20 

10 

0 

EA system 

-7 
1 2 3 4 5 6 7 8 9 10 1 1  12 13 14 1 5  

R u n  Order 

. TOS %Exp 

• TDS %Predict ion 

Figure 75:  Run-order \erses TDS�o reduction experimental ly  and prediction - EA system 

60 � 

5 0  -I 

40 c 
0 
"B ::s 30 -1 '0 QJ ... 
'* 

20 -; 

o 

EA system 

1 2 3 4 5 6 7 8 9 10 11 1 2  1 3  14 15 

R u n  Order 

• S a l i n ity %Exp 

• S a l i n ity %Predict ion 

Figure 76:  Run-order \er es Sal inity % reduction experimental ly and prediction - EA system 

98 



o 
o 

100 

80 

60 

40 

20 

o L-����������� __ � __ �������� __ ��� 
o 20 40 60 80 100 120 1 40  1 60  180 200 

Time (mi n) 

Figure 7 7 .  CO2 \ ariation ID C Y tern at pH 1 2 , Temperature 3 5 °C and current den ity 2 1 3 .5  m2 
- R03 

1 00  

60 

o�--�----�--------�--�----�--�----�--�--� 
o 20 50 80 100 120 1 40 1 60 1 00  200 

Ti me (mi n) 

Figure 78 :  CO2 variation i n  CA system at pH 1 2 , Temperature 27 .5  °c and current den i ty 1 43 Afm2 -R04 

99 



1 00  

80 

60 

g 
20 

Ti me mi n) 

FIgure 79: CO2 \ ariation in CA ystem at PH 1 2 , Temperature 27 .5  °c and current den ity 284 m�- R05 

1 20  

1 0:)  

c< 8:) 

i 60 � g" LO 

,. • � 

0 
0 8D 10:) 12.) 1� 160 180 2:):) 

i m e m in ) 

Figure 80: CO2 variation in CA ystem at pH 1 2. Temperature 20 °C and current density 2 1 3 .5  Aim2 -RO 1 5  

100 



1 20 

1 00 ....... � 
80 4 

� 0 
<l) 
'-
:J + Ci 60 ro --
() 

N 
0 
<..) 

40 

20 

o�--------------------�--�--------------�--------� 
o 20 40 60 80 1 00 1 20 140 1 60 1 80 200 

Ti me (min) 

Figure I :  CO2 \ arialion in CA ystem at  pH 7 ,  Temperature 27 .5  °C and eunent density 284 m2 - R06 

�oo 

# a: 

r:: 
i EO 
0 U 4:> 

� .... 

EO 
ll mE  min) 

Figure 82 :  CO2 variation in CA system AT PH 7, Temperature 20 °C a n d  c u rrent density 2 1 3 . 5  A/m2_ 

R07 

101 



12:) 

100 

# 80 ... � 
� tl 60 m 

u 

d 
0 

� 

o�--------�--------�----------------------------� 
o 20 80 100 120 160 180 200 

Ti me (min) 

Figure 3: CO2 variatlOn in CA sy tern AT PH 7, Temperature 35 °C and current density 2 1 3 .5  Alm2_ R09 

100 

80 

Ti me  (rri n) 

Figure 4: COc vanation in CA system at pH 7, Temperature 27 .5  °c and current den ity 1 43 mC_ R0 1 4  

102 



X c 
� 
t � 
d' u 

#. 
� -J 11 
� 

f'I 0 0 

1 20 r---�--�----�--�--�----'---�--� ____ ,-__ _ 

1 00 � 
80 i 

60 

0 

20 � 
• 

0 
0 20 o 60 80 1 00  1 20 1 60 180 200 

Time (m in) 

F ig u re 8 5 :  O} vanation in CA system a t  pH 9 . 5, temperature 20 °C a n d  current density 143 A/m2- R08 

1 �O 

1 0) 

ao 

60 

40  

.. 0 

o � .. ��--�----.. �----.. ��--.. �----�----------� .. � 
o .. 0 40  60  100  1 20 1 40 160 1 00 ..:.00 

Time m in } 

Figure 86: CO� \ ariation In CA system at pH 9.5, Temperature 35 °C and current density 1 43 ml -RO I O  

103 



1 20 

1 0 0  

� 8 0  

a 60 
0 

8 ... 0 

20 

0 
0 

Figure 7 :  C02 \'ariation in 

100 

8 

80 1 00 1 2  1f(l 1 &0  20 0  

ime (m i n )  

ystem AT p H  9 .5 ,  Temperature 20 °C and current density 284 m1-RO l l 

.. 

O � ______ � ____ .. ______ �� __ � ________ � ______ -J 
o 60 100 120 1LO 160 180 200 

lime (rrin) 

Figure 8 8 :  COe variation in CA system at pH 9 .5 ,  Temperature 27 .5  °c and current density 284 Alm1_ RO l 2  

104 



Response S u rface M et h od Regression 

1 00%  Ai r - EA SYSTE M 

[ Fu l l  Quadratic] 

Response S u rface Reg ress i o n :  COD % ;  T H  %; EC %; p H  %; . . .  versus p H ;  Tem p ;  CD 

Response S u rface Regressio n :  COD % versus pH ; Tem p ;  C D  

'l'r.e ana ys s "as done u s i ng coded u n i t s . 
E s t ; ma � E'd Regres s lor Coe f f i clents for COD % 

Terr. Coef SE Coef T P 

CO'lstant 3 C . b 1 3 0 1 . 5 2 1 3  2 0 . 1 2 2  0 . 0 0 0  

pH 3 . 4 1 1 9  0 . 9 3 1 6  3 . 6 62 0 . 0 1 5  

'l'emp 3 . 6 4 : 7  0 . 9 3 1 6  3 . 9 0 9  0 . 0 1 1  

CO - 3 . 2 6 2 6  0 . 9 3 1 6  - 3 . 5 0 2  0 . 0 1 7  

pH"pH - 2 . 8 7 5 3 1 . 3 7 1 3  - 2 . 0 9 7  0 . 0 9 0  

Temp � Ternp - 2 . 9 5 5 4  1 . 3 7 1 3  - 2 . 1 5 5  0 . 0 8 4  

CD" C 1 3 . 5 8 9 1  1 . 3 7 1 3  9 . 9 1 0  0 . 0 0 0  

pH * 'Tem. 1 . 1 8 7 6  1 . 3 1 7 5  0 . 9 0 1  0 . 4 0 9  

pl-j ' CD 0 . 6 5 '; 1  1 . 3 1 7 5  0 . 4 9 6 0 . 6 4 1  

Ternp " CO 2 . 0 3 1 0  1 . 3 1 7 5  1 . 5 4 1  0 . 1 8 4  

S = 2 . 6 3 5 0 4  PRESS = 5 2 6 . 1 8 4  

R - S q  = 9 6 . 9 "  R - S q ( pred)  = 5 3 . 5 8 % R-Sq ( adj ) 

Ana! y s l s  o f  Va r l ance for COD % 

So rce OF Seq SS  Adj SS  Adj MS 

Regr e s s l.on 9 1 0 9 8 . 8 5  1 0 9 8 . 8 5  1 2 2 . 0 9 4  

:'inear 3 2 8 4 . 3 9  2 8 4 . 3 9  9 4 . 7 9 5 

pH 1 9 3 . 1 3  9 3 . 1 3  9 3 . 1 3 0  

Temp 1 1 0 6 . 1 0  1 0 6 . 1 0  1 0 6 . 0 9 7  

CD l 8 5 . 1 6  8 5 . 1 6  8 5 . 1 5 9  

Square 3 7 9 0 . 6 1  7 9 0 . 6 1  2 6 3 . 5 3 6  

pH " pH 1 4 9 . 3 2  3 0 . 5 2  3 0 . 5 2 5  

Tel'1p * Tel'1p 1 5 9 . 4 5 3 2 . 2 5  3 2 . 2 5 0  

C O * CO 1 6 8 1 . 8 3  6 8 1 . 8 3  6 8 1 . 8 3 4  

Interac1: ion 3 2 3 . 8 5  2 3 . 8 5  7 . 9 5 1  

pH " Temp 1 5 . 6 4 5 . 6 4  5 . 6 4 1  

pH " CD 1 1 . 7 1 1 . 7 1  1 . 7 1 1  

Temp " CD 1 1 6 . 5 0  1 6 . 5 0  1 6 . 4 9 9 

Res i dual  E r ror 5 3 4 . 7 2  3 4 . 7 2  6 . 9 4 3  

Lack - o f - F i  3 3 2 . 5 9  3 2 . 5 9  1 0 . 8 6 2  

Pure E r ror 2 2 . 1 3  2 . 1 3  1 .  0 6 5  

To a !  1 4  1 1 3 3 . 5 6  

Unusual Obs e rvations for COD % 

Obs 

9 

1 5  

S t dOrder COD % 

9 2 0 . 9 8 1  

1 5  2 6 . 2 0 9  

F l t  

2 3 . 8 2 5  

2 3 . 3 6 5  

SE F i t  Res i dual  
2 . 2 8 2  - 2 . 8 4 4  

2 . 2 8 2  2 . 8 4 4  

9 1 . 4 2 %  

F P 

1 7 . 5 8  0 . 0 0 3  

1 3 . 6 5  0 . 0 0 8  

1 3 . 4 1  0 . 0 1 5  

1 5 . 2 8  0 . 0 1 1  

1 2 . 2 6  0 . 0 1 7  

3 7 . 9 5  0 . 0 0 1  

4 . 4 0  0 . 0 9 0  

4 . 6 4 0 . 0 8 4  

9 8 . 2 0  0 . 0 0 0  

1 . 1 5 0 . 4 1 6  

0 . 8 1  0 . 4 0 9  

0 . 2 5  0 . 6 4 1 

2 . 3 8  0 . 1 8 4  

1 0 . 2 0  0 . 0 9 1  

S t  Res i d  

- 2 . 1 6  R 

2 . 1 6  R 

R denotes an observation w i t h  a la rge s tanda rdized re s i dual . 
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E s t l�ateQ Regre s s lon Coe f f l c 1ents for COD � u S l ng data 1n uncoded unlts 

Term 
CO'1S an 
I-H 
T mp 

CD 
W pH 

Te�p "' :'emp 
CO" CD 
pH ' Terr 

WCD 

Temp "CD 

Coef 
1 0 4 . : 7 4  

7 . 5 7 1 4 4  

1 . 9 5 3 5 5  

- 1 . 3 5 4 62 

- 0 . 4 60 0 4 0  

- 0 . 0 5 2 5 4 0 8 

0 . 0 02 7 3 4 0 9  

0 . 0 6 3 3 3  1 

0 . 0 0 3 7 1 1 2 3  

0 . 0 0 3 8 4 1 0 4  

Response Surface Regres s i o n :  T H  % versus p H ;  Tem p ;  C D  

The analys1s was done u s i n g  coded u n i t s . 

E s t imated Regress ion Coe f f i c ients for TH % 

TerM Coef SE  Coe f T P 
Con stant 3 0 . 8 8 6 7 1 . 9 0 6  1 6 . :? 0 4  0 . 0 0 0  

pH 9 . 0 5 2 6  1 . 1 6 7 7 . 7 5 5  0 . 0 0 1  

Te:"p 4 . 9 4 9 9  1 . 1 6 7 4 . 2 4 1  0 . 0 0 8  

C D  2 . 1 1 3 8 1 . l 6 7  1 . 8 1 1  0 . 1 3 0  

pH * pH 1 . 2 4 3 5  1 . 7 1 8  0 . 7 2 4  0 . 5 0 2  

Temp � Temp - 0 . 0 9 4 5  1 . 7 1 8  - 0 . 0 5 5  0 . 9 5 8  

CD ' CJ - 1 1 . 8 5 4 4  1 . 7 1 8  - 6 . 8 9 9  0 . 0 0 1  

pH' Temp - 1 . 3 1 4 0  1 . 6 5 1  - 0 . 7 9 6  0 . 4 62 

pH ' C D  2 . 4 8 6 1  1 . 6 5 1  1 .  5 0 6  0 . 1 92 

Temp " C D  - 2 . 6 0 9 9  1 . 6 5 1  - 1 . 5 8 1  0 . 1 7 5  

S = 3 . 3 0 1 5 8  PRE S S  = 7 9 6 . 7 2 0  

R - S q  = 9 6 . 4 6 % R-Sq ( pred)  = 4 8 . 2 1 %  R-Sq ( adj ) 9 0 . 0 8 % 

Ana l y s i s  o f  Va riance for TH % 

Source DF Seq SS  Ad] SS  Ad] MS F 
Regr e s s i on 9 1 4 8 3 . 9 9  1 4 8 3 . 9 9  1 6 4 . 8 8 8  1 5 . 1 3  

L�near 3 8 8 7 . 3 5  8 8 7 . 3 5  2 9 5 . 7 8 4  2 7 . 1 4  

pH 1 6 5 5 . 6 0  6 5 5 . 6 0  6 5 5 . 5 9 5  6 0 . 1 4  

Temp 1 1 9 6 . 0 1  1 9 6 . 0 1  1 9 6 . 0 1 3  1 7 . 9 8  

C D  1 3 5 . 7 5 3 5 . 7 5 3 5 . 7 4 5  3 . 2 8  

Square 3 5 3 7 . 7 6  5 3 7 . 7 6  1 7 9 . 2 5 4  1 6 . 4 4  

pH " p!"! 1 1 6 . 4 2  5 . 7 1  5 . 7 0 9  0 . 5 2  

Temp " -emp 1 2 . 4 8  0 . 0 3 0 . 0 3 3  0 . 0 0  

CD * CD 1 5 1 8 . 8 6  5 1 8 . 8 6  5 1 8 . 8 6 5 4 7 . 6 0  

I n t e r a c � i on 3 5 8 . 8 7  5 8 . 8 7 1 9 . 6 2 5  1 .  8 0  

pH * Temp 1 6 . 9 1  6 . 9 1  6 . 9 0 6  0 . 6 3  

pH " Ci) 1 2 4 . 7 2  2 4 . 7 2  2 4 . 7 2 2  2 . 2 7  

Temp " CD 1 2 7 . 2 5 2 7 . 2 5  2 7 . 2 4 6  2 . 5 0  

Res i dual E r r o r  5 5 4 . 5 0  5 4 . 5 0 1 0 . 9 0 0  

Lack - o f - F i t  3 4 9 . 0 2  4 9 . 0 2  1 6 . 3 4 2  5 . 9 7  

Pure E rror 2 5 . 4 8  5 . 4 8  2 . 7 3 9  

:"ot a l  1 4  1 5 3 8 . 4 9  

P 

0 . 0 0 4  

0 . 0 02 

0 . 0 0 1  

0 . 0 0 8  

0 . 1 3 0  

0 . 0 0 5  

0 . 5 0 2  

0 . 9 5 8  

0 . 0 0 1  

0 . 2 6 4  

0 . 4 62 

0 . 1 92 

0 . 1 7 5  

0 . 1 4 7  

Estimated Reg r e s s i on Coe f ficients  for TH % us ing data i n  u n  coded u n i t s  
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Ten" Coe f 
Con s � ar.t  - ::' 3 8 . 7 7 5  

pH - 1 . 2 4 3 4 2  

':'e"'p 2 . 4 7 ::' 9 5  

"D 1 . 0 5 0 1 4  

, H ' pH 0 . 1 9 8 9 5 ')  

Ter;p ' Te"'p - 0 . 0 0 1 6 7 9 8 5  

CD"CO - 0 . O C2 3 >; 5 0 6  

pH - Tc p - 0 . 0 1 0 0  9 5  

pH > CO 0 . 0 : 4 1 0 5 4  

Temp · CD - 0 . 0 0 4 9 3 5 9 2  

Response S u rface Regressio n :  EC % vers u s  p H ;  Temp;  C D  

The a n a . ys l S  was aone u s ing coded u n i t s . 

Est lma ed Regress lon Coe f f icients for EC % 

Term Coef SE Coef T P 
Constant 0 . 8 1 3  2 . 0 2 8  1 5 . 1 92 0 . 0 0 0  

H 1 9 . 8 4 9  1 . 2 4 2  1 5 . 9 8 1  0 . 0 0 0  

TeM 1 . 6 3 9  : . 2 4 2  1 .  3 1 9  0 . 2 4 4  

CO 6 . 6 9 6  1 .  2 4 2  5 . 3 9 1  0 . 0 0 3  

pH � H 9 . 7 4 0  1 .  8 2 8  5 . 3 2 7  0 . 0 0 3  

Temp ' Tem - 1 2 . 0 7 2  1 . 8 2 8  - 6 . 6 0 3  0 . 0 0 1  

CC)" ;) - 7 . 8 4 5  1 .  8 2 8  - 4 . 2 9 1  0 . 0 0 8  

pH- Temp 4 . 3 6 7  1 . 7 5 7  2 . 4 8 6  0 . 0 5 5  

pH ' CD 7 . 7 8 9  1 . 7 5 7  4 . 4 3 4  0 . 0 0 7  

Temp ' CD 1 . 3 6 8  1 . 7 5 7  0 . 7 7 9  0 . 4 7 1  

S = 3 . 5 1 3 1 3  PRESS = 6 2 8 . 7 6 1  

R - S q  = 9 8 . 7 9 % R - S q ( pred)  = 8 7 . 6 7 %  R-Sq ( ad] ) 9 6 . 6 1 %  

.l\na l y s i s  o f  ar iance for EC % 

Source OF Seq SS  Adj SS  Adj MS F P 
Peg r e s s l on 9 5 0 3 9 . 5 2  5 0 3 9 . 5 2  5 5 9 . 9 5  4 5 . 3 7  0 . 0 0 0  

Linear 3 3 5 3 2 . 1 7  3 5 32 . 1 7  1 1 7 7 . 3 9  9 5 . 4 0  0 . 0 0 0  

pH 1 3 1 5 1 . 9 7  3 1 5 1 . 9 7  3 1 5 1 . 9 7  2 5 5 . 3 8 0 . 0 0 0  

Temp 1 2 1 . 4 8  2 1 . 4 8 2 1 . 4 8  1 .  7 4  0 . 2 4 4  

CD 1 3 5 8 . 7 2  3 5 8 . 7 2  3 5 8 . 7 2  2 9 . 0 7  0 . 0 0 3  

Square 3 1 1 8 0 . 9 1  1 1 8 0 . 9 1  3 9 3 . 6 4  3 1 . 8 9  0 . 0 0 1  

pH�pH 1 4 6 5 . 1 5  3 5 0 . 2 5  3 5 0 . 2 5  2 8 . 3 8  0 . 0 0 3  

Temp� Temp 1 4 8 8 . 5 0  5 3 8 . 0 6  5 3 8 . 0 6  4 3 . 6 0  0 . 0 0 1  

CD�CD 1 2 2 7 . 2 6  2 2 7 . 2 6  2 2 7 . 2 6  1 8 . 4 1  0 . 0 0 8  

I m:.e ractlon 3 3 2 6 . 4 4  3 2 6 . 4 4  1 0 8 . 8 1  8 . 8 2  0 . 0 1 9  

pH * Temp 1 7 6 . 2 9  7 6 . 2 9  7 6 . 2 9  6 . 1 8  0 . 0 5 5  

pH · CD 1 2 4 2 . 6 6  2 4 2 . 6 6  2 4 2 . 6 6  1 9 . 6 6  0 . 0 0 7  

Temp * eD 1 7 . 4 8  7 . 4 8  7 . 4 8  0 . 61 0 . 4 7 1  

Res i du a l  Error 5 6 1 . 7 1 6 1 . 7 1  1 2 . 3 4  

Lac k - o f - Fi 3 3 5 . 6 3  3 5 . 6 3  1 1 . 8 8  0 . 9 1  0 . 5 6 1  

Pure E rror 2 2 6 . 0 8  2 6 . 0 8  1 3 . 0 4  

7o'Cal  1 4  5 1 0 1 . 2 3  

E s t imated Regression Coe f f i c ien s for EC % u sing data i n  uncoded u n i t s  

Term 

Cons tant 
pH 

Temp 

CD 

Coe r 
1 . 1 6 1 2 9  

- 3 7 . 5 0 8 6  

9 . 2 5 6 8 8  

0 . 2 7 8 0 1 9  
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H pH 
':'e"'p + :'€'l!P 
.... D* CD 
pl-j *�eMp 
pH *C"D 

T rrp ' CD 

1 .  ') 5 8 3 3  

- 0 . 2 ::' 4 60 8  

- 0 . 0 0 1 � 7 8 4 6  

0 . 2 3 2 9 1 5  

0 . 0 4 4 1 9  9 

0 . 0 0 2 5 8 7 0 7  

Response S u rfa ce Regressio n :  p H  % vers us p H ;  Tem p ;  C D  

The and l y s i s  was done u s i ng coded u n i  s . 

Es��. atcd Regress lor Coe f f i cients for pH � 

Term 

Cons an 

H 

7emp 
CD 

pWpH 
T mp' Temp 
CO"" CD 

p l1 * Temp 

pWCD 
Te""p ' CD 

Coef 

1 9 . 8 5 0 6  

1 6 . 0 2 4 8  

- 0 . 3 3 4 0  

- 3 . 6 6 5 5  

- 1 � . 3 8 6 0  

- 6 . 2 5 6 0  

0 . 6 3 9 1  

- 4 . 3 0 7 7  

- 7 . 2 7 1 7  

0 . 2 4 2 7  

S E  Coe f 
0 . 8 9 3 1  

0 . 5 4 6 9  

0 . 5 4 6 9  

0 . 5 4 6 9  

0 . 8 0 5 0  

0 . 8 0 5 0  

0 . 8 0 5 0  

0 . 7 7 3 4  

0 . 7 7 3 4  

0 . 7 7 3 4  

PRE S S  = 1 6 5 . 7 8 6  

T 

2 2 . 2 2 7  

2 9 . 3 0 1  

- 0 . 6 1 1  

- 6 . 7 0 2  

- 1 5 . 3 8 6  

- 7 . 7 7 1  

0 . 7 9 4 

- 5 . 5 7 0  

- 9 . 4 0 2 

0 . 3 1 4  

P 
0 . 0 0 0  

0 . 0 0 0  

0 . 5 6 8 

0 . 0 0 1  

0 . 0 0 0  

0 . 0 0 1  

0 . 4 6 3 

0 . 0 0 3  

0 . 0 0 0  

0 . 7 6 6  

S - ::' . 5 4 6 8 6  

R-Sq = 9 9 . 6 2  - Sq ( pred)  = 9 4 . 7 3% R-Sq ( ad] ) 

A. a l y s l s  of Variance for pH % 

Source 

RegressIon 

LInear 
pH 

Temp 

CD 

S qt:are 
pH � pH 

Temp " Temp 

CQ� CD 

I nt e raction 

pH * Ternp 

pH �CD 

Ter:1p * C O  

Res idual Error 

Lac k - o f - F i t  

P u r e  Error 

Total  

DF  Seq SS 

9 3 1 3 4 . 1 2  

3 :2 1 62 . 7 3  

1 2 0 5 4 . 5 

1. 0 . 8 9  

1 1 0 7 . 4 9  

3 6 8 5 . 4 1  

1 5 3 6 . 2 4 

1 1 4 7 . 6 6  

1 1 . 5 1  

3 2 8 5 . 9 7  

1 7 4 . 2 3 

1 2 1 1 . 5 1 

1 0 . 2 4  

5 1 1 . 9 6  

3 1 0 . 1 0  

2 1 .  8 6  

::' 4  3 1 4 6 . 0 8  

Adj S S  
3 1 3 4 . 1 2  

2 1 62 . 7 3  

2 0 5 4 . 3 5  

0 . 8 9  

1 0 7 . 4 9  

6 8 5 . 4 1  

5 6 6 . 4 5  

1 4 4 . 5 1  

1 .  5 1  

2 8 5 . 9 7  

7 4 . 2 3  

2 1 1 . 5 1  

0 . 2 4  

1 1 . 9 6  

1 0 . 1 0  

1 .  8 6  

Adj MS 
3 4 8 . 2 4  

7 2 0 . 9 1  

2 0 5 4 . 3 5  

0 . 8 9  

1 0 7 . 4 9  

2 2 8 . 4 7  

5 6 6 . 4 5  

1 4 4 . 5 1  

1 .  5 1  

9 5 . 3 2  

7 4 . 2 3  

2 1 1 . 5 1  

0 . 2 4  

2 . 3 9 

3 . 3 7  

0 . 9 3  

9 8 . 9 4 %  

F 
1 4 5 . 5 4 

3 0 1 . 2 9  

8 5 8 . 5 6  

0 . 3 7  

4 4 . 92 

9 5 . 4 8  

2 3 6 . 7 3  

60 . 3 9  

0 . 63 

3 9 . 8 4 

3 1 . 0 2  

8 8 . 4 0  

0 . 1 0  

3 . 6 1  

p 
0 . 0 0 0  

0 . 0 0 0  

0 . 0 0 0  

0 . 5 6 8  

0 . 0 0 1  

0 . 0 0 0  

0 . 0 0 0  

0 . 0 0 1  

0 . 4 6 3  

0 . 0 0 1  

0 . 0 0 3  

0 . 0 0 0  

0 . 7 6 6  

0 . 2 2 4  

Es Imated Regress ion Coe f f i ci en t s  f o r  p H  % u s i ng data in  uncoded u n i t s  

Term 

Cons ant 

pH 
TeMp 

CD 
pH � pH 

Temp* Temp 

Coef 

- 4 2 6 . 8 2 9  

5 9 . 1 9 0 0  

8 . 1 5 7 0 7  

0 . 2 7 2 4 3 4  

- 1 . 9 8 1 7 6  

- 0 . 1 1 1 2 1 9  
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CD· CD 
pH ' Temp 

pH *"J 
T mF � rI' 

0 . 0 0 0 1 2 2 5 7 8  

- 0 . 2 2 � 7 '; 4  

- C . 0 4 : 2 5 E 1  

" . C 0 0 4 5 1: 9 8 0  

Response S u rface Regressio n :  T D S  % versus p H ;  Temp;  C D  

7. e ara�ys � s  �as aone u s i n g  coded un�ts . 

Es l�at d Reqress lon Coe f f i clents for TDS 

TEC rrr 

Constant 
pH 

Tem 

CD 

PH""FH 

Te - Temp 

CD' CD 
pH ' Te"1 

pR ' CO 
TerT1 * �D 

Coef 

3 0 . 4 6 6 0  

2 0 . 9 0 0 1  

0 . 3 1  'i .  

5 . 1 8 0 -

9 . 9 5 1 9  

- 1 2 . 4 4 9 4 

- 6 . 4 0 1 5  

5 . 8 1 2 3  

8 . 6 5 4 1  

1 . 6 6 2 7  

SE Coe f 

2 . 1 1 1  

::' . 2 9 3 

1 . 2 9 3  

1 .  2 9 3  

1 . 9 0 3  

1 . 9 0 3  

1 . 9 0 3  

1 . 8 2 8  

1 . 8 2 8  

1 . 8 2 8  

S = 3 . 6 5 6 1 1  PRE S S  = 8 4 8 . 3 1 5  

T 

1 4 . 4 3 3 

1 6 . 1 6 9 

0 . 2 4 4  

4 . 0 0 8  

5 . 2 3 0 

- 6 . 5 4 3  

- 3 . 3 6 4  

3 . 2 1 2  

4 . 7 3 4  

0 . 9 1 0  

p 
0 . 0 0 0  

0 . 0 0 0  

0 . 8 1 7  

0 . 0 1 0  

0 . 0 0 3  

0 . 0 0 1  

0 . 0 2 0  

0 . 0 2 4  

0 . 0 0 5  

0 . 4 0 5  

R-Sq = 9 8 . 7 6 % R-Sq (pred)  = 8 4 . 2 4 % R-Sq ( adj ) 

Anal ys l s  o f  Variance for TDS % 

Source 
?egress ion 

Linear 

pH 

Terrp 
CO 

Square 

pH * pH 

Terp * TeI'1p 
CO'CD 

:nt:e ract ion 
pH " Temp 

pH * CD 

Temp - CD 

Res idua l  E rror 

:'a c k - o f - F i t  

Pure Error 

:ot:al 

OF 

9 

3 

1 

1 

1 

3 

1 

1 

1 

3 

1 

1 

1 

5 

3 

Seq SS  

5 3 1 7 . 4 9  

3 7 1 0 . 0 1  

3 4 9 4 . 5 1  

0 . 8 0  

2 1 4 . 7 1  

1 1 5 8 . 9 1  

4 7 6 . 5 7  

5 3 1 . 0 3  

1 5 1 . 3 1  

4 4 8 . 5 7  

1 3 7 . 9 4  

2 9 9 . 5 7  

1 1 . 0 6  

6 6 . 8 4  

5 0 . 7 6  

2 1 6 . 0 8  

1 4  5 3 8 4 . 3 3  

Adj S S  

5 3 1 7 . 4 9  

3 7 1 0 . 0 1  

3 4 9 4 . 5 1  

0 . 8 0  

2 1 4 . 7 1  

1 1 5 8 . 9 1  

3 6 5 . 6 9  

5 7 2 . 2 6  

1 5 1 . 3 1 

4 4 8 . 5 7 

1 3 7 . 9 4  

2 9 9 . 5 7  

1 1 . 0 6  

6 6 . 8 4 

5 0 . 7 6  

1 6 . 0 8  

Adj MS 
5 9 0 . 8 3  

1 2 3 6 . 6 7  

3 4 9 4 . 5 1 

0 . 8 0  

2 1 4 . 7 1 

3 8 6 . 3 0  

3 6 5 . 6 9  

5 7 2 . 2 6 

1 5 1 . 3 1  

1 4 9 . 5 2  

1 3 7 . 9 4  

2 9 9 . 5 7  

1 1 . 0 6  

1 3 . 3 7  

1 6 . 92 

8 . 0 4  

9 6 . 5 2 % 

F 
4 4 . 2 0  

9 2 . 5 2  

2 6 1 . 4 2  

0 . 0 6  

1 6 . 0 6  

2 8 . 9 0  

2 7 . 3 6  

4 2 . 8 1  

1 1 . 3 2  

1 1 . 1 9  

1 0 . 3 2  

2 2 . 4 1  

0 . 8 3  

2 . 1 0  

p 
0 . 0 0 0  

0 . 0 0 0  

0 . 0 0 0  

0 . 8 1 7  

0 . 0 1 0  

0 . 0 0 1  

0 . 0 0 3  

0 . 0 0 1  

0 . 0 2 0  

0 . 0 1 2  

0 . 0 2 4  

0 . 0 0 5  

0 . 4 0 5  

0 . 3 3 8  

Es t: imat:ed Regression Coe f ficients  for TDS % u s i ng data in  uncoded u n i t s  

7erm 

Constant 
pH 

Temp 

CO 
pWpH 
Temp* Temp 

CO"' CD 
pW Temp 

Coe f 

5 1 . 6 9 5 9  

- 4 0 . 9 8 9 6  

8 . 5 6 8 1 0  

0 . 0 7 0 5 0 6 8  

1 . 5 9 2 3 0  

- 0 . 2 2 1 3 2 3  

- 0 . 0 0 1 2 8 7 9 7 

0 . 3 1 3 1 9 1  
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pH' CD 
Tc C).; 

0 . 0 4 9 1 0 1 ;;  

0 . 0 0 1 1 4 4 6 6  

Response Surfa ce Regressio n :  Sal in ity % versus p H ;  Tem p ;  C D  

:he ana . y s l s  was done u s i ng coded unlts . 

E S � l�� �e Re� resslcn Coe f f Lclents for Sal l n i � y  % 

Term 
Cons tan 
pH 

Temp 
CD 

pH " ph 

Tern ' Temp 

CD' �D 
pH ' Temp 

W ' CD 
Tern ' CD 

Coe 
3 : . 9 7 3 4  

1 5 . 8 0 1 :  

0 . 9 0 3 0  

: . 2 6 1 7  

4 . 2 3 2 0  

- 6 . 5 : 0 8  

- 1 3 . 5  2 3  

5 . 0 0 7 ::'  

0 . 7 3 2 8  

1 . 8 4 9 8 

SE Coe f 
1 . 3 4 9 6  

0 . 8 2 6 5  

0 . 8 2 6 5  

0 . 8 2 6 5  

1 .  2 1 6 5 

1 .  2 1 6 5 

1 . 2 1 65 

1 . 1 6 8 8  

1 . 1 6 8 8  

1 . 1 6 8 8  

PRESS = 2 6 7 . 1 7 6  

T 
2 3 . 6 9 0  

1 9 . 1 1 9  

1 . 0 9 3  

1 . 5 2 7  

3 . 4 7 9  

- 5 . 3 5 2  

- 1 1 . 1 5 6  

4 . 2 8 4  

0 . 6 2 7  

1 .  5 8 3  

p 
0 . 0 0 0  

0 . 0 0 0  

0 . 3 2 4  

0 . 1 8 7  

0 . 0 1 8  

0 . 0 0 3  

0 . 0 0 0  

0 . 0 0 8  

0 . 5 5 8  

0 . 1 7 4  

S = 2 . 3 3 7 tJ 3  

R - S q  = 9 Q . 1 1 %  R-Sq ( pred)  = 9 1 . 3 0 % R - Sq ( ad] ) 

Ana l y s i s  o f  Va riance for Sal i n i ty % 

Source 

Reg re s s ion 

LInear 

pH 

Temp 

CD 

Square 
pH � pH 
Tefllp � Temp 

CD*CD 
I nt e ract ion 

pH � Temp 

pWCD 

Temp' CD 

Res i dual E rror 

Lack-of-Fit 
Pure E rror 

Tota l  

O F  S e q  SS  
9 3 0 4 3 . 8 1  

3 2 0 1 6 . 6 6  

1 1 9 9 7 . 4 0  

1 6 . 5 2  

1 1 2 . 7 4  

3 9 1 1 . 0 3  

1 1 1 9 . 8 8  

1 1 1 1 . 0 1 

1 6 8 0 . 1 5  

3 1 1 6 . 1 2  

1 1 0 0 . 2 8  

1 2 . 1 5  

1 1 3 . 6 9  

5 2 7 . 3 2  

3 1 4 . 9 6  

2 1 2 . 3 6  

1 4  3 0 7 1 . 1 3  

Ad] SS  
3 0 4 3 . 8 1  

2 0 1 6 . 6 6  

1 9 9 7 . 4 0  

6 . 5 2  

1 2 . 7 4  

9 1 1 . 0 3  

6 6 . 1 3  

1 5 6 . 5 2  

6 8 0 . 1 5  

1 1 6 . 1 2  

1 0 0 . 2 8  

2 . 1 5  

1 3 . 6 9  

2 7 . 3 2  

1 4 . 9 6  

1 2 . 3 6  

Ad] MS 

3 3 8 . 2 0  

6 7 2 . 2 2  

1 9 9 7 . 4 0  

6 . 5 2  

1 2 . 7 4  

3 0 3 . 6 8  

6 6 . 1 3  

1 5 6 . 5 2  

6 8 0 . 1 5  

3 8 . 7 1 

1 0 0 . 2 8  

2 . 1 5  

1 3 . 6 9  

5 . 4 6 

4 . 9 9  

6 . 1 8  

9 7 . 5 H  

F 
6 1 . 8 9  

1 2 3 . 0 2 

3 6 5 . 52 

1 . 1 9 

2 . 3 3  

5 5 . 5 7  

1 2 . 1 0  

2 8 . 6 4  

1 2 4 . 4 7  

7 . 0 8  

1 8 . 3 5  

0 . 3 9  

2 . 5 0  

0 . 8 1  

P 
0 . 0 0 0  

0 . 0 0 0  

0 . 0 0 0  

0 . 3 2 4  

0 . 1 8 7 

0 . 0 0 0  

0 . 0 1 8  

0 . 0 0 3  

0 . 0 0 0  

0 . 0 3 0  

0 . 0 0 8  

0 . 5 5 8  

0 . 1 7 4  

0 . 5 9 5  

Est imated Regre s s i on Coe f f i cients f o r  S a l i n i t y  % u s i n g  data in  uncoded u n i t s  

7erm Coe f 

Constant - 8 7 . 3 5 8 9  

p H  - 1 4 . 7 7 6 4 

Temp 3 . 2 0 2 6 9 

CD 1 .  0 4 8 2 0  

pWpH 0 . 6 7 7 1 2 6  

Terr p � Temp - 0 . 1 1 5 7 4 8  

CDr CD - 0 . 0 0 2 7 3 0 7 0  

pH · Temp 0 . 2 6 7 0 4 5  

pH·CD 0 . 0 0 4 1 5 7 9 0  

Te:np· CD 0 . 0 0 3 4 9 8 5 0 

Response Surface Regression : TSS % versus p H ;  Temp;  C D  
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The analys�s was done uSlng coded un�  s .  

Es  �ma e Regress �on Coe ff i c ients for TSS % 

TerM 
Cons ant 

H 
TE'� 

CO 
pH � pH 
Temp T Te. p 

CO ' CO 
pH� 'I'("mp 

H * CD 

Temp' CD 

Cce f 
1 1 2 . 4 1  

8 2 . 9 ::'  

- 62 . 8 9  

- 1 4 7 . 1 4  

2 1 8 . 2 1  

- 3 8  . 6 3  

3 2 1. . 5 3  

1 6 2 . 2 3  

- 1 6 5 . 0 C  

3 0 . 1 8  

SE Coef 
1 1 4 . 1 2  

6 9 . 8 8  

6 9 . 8 8  

6 9 . 8 8  

1 0 2 . 8 6  

1 02 . 8 6  

1 0 2 . 8 6  

9 8 . 8 3  

9 8 . 5 3  

9 8 . 8 3  

T 
C . 9 8 5  

1 . 1 8 6  

- C . 9 0 0  

- 2 . 1 0 6  

2 . 1 2 1  

- 0 . 3 7 6  

3 . 1 2 6  

1 . 6 4 2  

- 1 . 6 7 0  

0 . 3 0 5  

P 

0 . 3 7 0  

0 . 2 8 9  

0 . 4 0 9  

0 . 0 8 9  

0 . 0 8 7  

0 . 7 2 3  

0 . 0 2 6  

0 . 1 6 2 

0 . 1 5 6  

0 . 7 7 2  

S - 1 7 . 6 5 6  

R - S q  = 8 3 . 9 4 %  

PRESS = 3 1 0 9 7 9 7 

R-Sq ( pred)  = 0 . 0 0 %  R - S q  ( ad) ) 

A�a l y s l s  o f  Var iance for TSS % 

Source 

Regress lon 
:inear 

pH 
Temp 

CD 
Square 

pH � pH 

Te:cpT Temp 
CD� CD 

In�eracL ion 
pH * i'er.p 
p H * C D  
Temp "' C D  

Res i dual E rror 
Lac k - o f - F i t  
P r e  E rror 

Total 

DF 
9 

3 

1 

1 

1 

3 

1 

1 

1 

3 

1 

1 

1 

5 

3 

2 

Seq S5  

1 0 2 0 6 5 6  

2 5 9 8 5 0  

5 4 9 9 6  

3 1 6 4 3  

1 7 32 1 1  

5 4 2 9 9 2  

1 4 6 3 6 8  

1 4 9 1 4  

3 8 1 7 1 0  

2 1 7 8 1 4  

1 0 5 2 7 2 

1 0 8 8 9 8 

3 6 4 4  

1 9 5 3 4 0  

1 9 4 2 0 2 

1 1 3 8  

1 4  1 2 1 5 9 9 6  

Adj SS  

1 02 0 6 5 6  

2 5 9 8 5 0  

5 4 9 9 6  

3 1 6 4 3  

1 7 32 1 1  

5 4 2 9 9 2  

1 7 5 8 1 3  

5 5 1 1 

3 8 1 7 1 0  

2 1 7 8 1 4  

1 0 5 2 7 2  

1 0 8 8 9 8  

3 6 4 4  

1 9 5 3 4 0  

1 9 4 2 0 2  

1 1 3 8  

Adj MS 

1 1 3 4 0 6  

8 6 6 1 7  

5 4 9 9 6  

3 1 6 4 3  

1 7 3 2 1 1  

1 8 0 9 9 7  

1 7 5 8 1 3  

5 5 1 1  

3 8 1 7 1 0  

7 2 6 0 5  

1 0 52 7 2  

1 0 8 8 9 8 

3 6 4 4  

3 9 0 6 8  

6 4 7 3 4  

5 6 9  

Unusual  Observa t ions f o r  TSS % 

Obs 

4 

6 

S L dOrder 
<1 
6 

TSS % 

1 2 6 0 . 8 0 6  

3 7 3 . 4 8 5  

F l t  
1 0 4 7 . 2 0 2  

5 8 7 . 0 8 9  

S E  F i t  

1 7 1 . 1 7 5  

1 7 1 . 1 7 5  

5 5 . 0 2 % 

F 

2 . 9 0  

2 . 2 2  

1 .  4 1  

0 . 8 1  

4 . 4 3  

4 . 6 3  

4 . 5 0  

0 . 1 4  

9 . 7 7  

1 .  8 6  

2 . 6 9  

2 . 7 9  

0 . 0 9  

1 1 3 . 7 7  

Res i dual  
2 1 3 . 6 0 4  

- 2 1 3 . 6 0 4  

P 
0 . 1 2 7  

0 . 2 0 4  

0 . 2 8 9  

0 . 4 0 9  

0 . 0 8 9  

0 . 0 6 6  

0 . 0 8 7  

0 . 7 2 3  

0 . 0 2 6  

0 . 2 5 4  

0 . 1 62 

0 . 1 5 6  

0 . 7 7 2  

0 . 0 0 9  

S t  Res i d  

2 . 1 6  R 
- 2 . 1 6  R 

? deno�es an observat ion w i t h  a l a rge standa rdized r e s i dual . 

Est imated Regress ion Coe f f i c ients for TSS % u s i n g  daLa i n  uncoded un i t s  

_ e rll' Coef 

Cons a:1t 6 7 5 0 . 5 9  

pH - 6 6 8 . 2 6 1  

Temp - 6 4 . 9 9 2 5  

CD - 2 2 . 3 8 6 1  

pWpH 3 4 . 9 1 3 8  

�emp � Temp - 0 . 6 8 6 8 3 4  

CD*CD 0 . 0 6 4 6 9 0 3  

pH* Temp 8 . 6 5 2 1 8  

pH � C D  - 0 . 9 3 6 1 6 3 

_ emp "' C D  0 . 0 5 7 0 8 2 0  

1 1 1  



Response S u rface Reg re s s i o n  

1 0% C O2 - CA SYSTEM 

[ F u l l  Quadratic] 
Response S u rface Regressio n :  COD %; T H  %; EC %; p H  %; . . .  vers u s  p H ;  Tem p ;  C D  

Response S u rface Regressio n :  C O D  % vers u s  pH ; Tem p ;  C D  

The analYSiS  was  done u s i ng coded uni s .  

Est .lMated Regre s s ion Coe f f i cients for COD % 

Term Coef SE Coe f T P 

Co s :..an 2 0 . 5 4 2  5 . 0 1 1  4 . 0 9 9  0 . 0 0 9  

pH 5 . 3 52 3 . 0 6 9 1 . 7 4 4  0 . 1 4 2  

Temp 2 . 7 0 6  3 . 0 6 9  0 . 8 8 2  0 . 4 1 8  

("D - 2 . 0 3 8  3 . 0 6 9  - 0 . 6 6 4  0 . 5 3 6  

pH"pH 1 . 5 8 6  4 . 5 1 7  0 . 3 5 1  0 . 7 4 0  

Temp Temp 4 . 3 3 1  4 . 5 1 7  0 . 9 5 9  0 . 3 8 2  

C;) + CD 2 . 5 1 2  4 . 5 1 7  0 . 5 5 6  0 . 6 0 2  

pH * Te�'p 3 . 6 0 1  4 . 3 4 0  0 . 8 3 0  0 . 4 4 5  

pH "' CD - 4 . 2 : 3  4 . 3 4 0  - 0 . 9 7 1  0 . 3 7 6  

-er"'p � CD - 2 . 0 9 3  4 . 3 4 0  - 0 . 4 8 2  0 . 6 5 0  

S = 8 . 6 7 9 9 5  PRE S S  = 3 2 4 8 . 0 8  

R-Sq = 5 9 . 4 7 %  R-Sq ( pred)  = 0 . 0 0 %  R-Sq (adj ) 0 . 0 0 %  

Anal y s i s  o f  Va r i ance for COD % 

Sou.!:ce DF Seq SS Adj SS  Adj MS F P 

Regr e s s ion 9 5 5 2 . 7 0 9  5 5 2 . 7 0 9  6 1 . 4 1 2  0 . 8 2  0 . 6 2 9  

Linear 3 3 2 0 . 9 6 5  3 2 0 . 9 6 5  1 0 6 . 9 8 8  1 .  4 2  0 . 3 4 1  

pH 1 2 2 9 . 1 3 6  2 2 9 . 1 3 6  2 2 9 . 1 3 6  3 . 0 4  0 . 1 4 2  

Temp 1 5 8 . 5 9 5  5 8 . 5 9 5  5 8 . 5 9 5  0 . 7 8  0 . 4 1 8  

CD 1 3 3 . 2 3 4  3 3 . 2 3 4  3 3 . 2 3 4  0 . 4 4  0 . 5 3 6  

Square 3 9 1 . 3 7 7  9 1 . 3 7 7  3 0 . 4 5 9  0 . 4 0  0 . 7 5 7  

pH "' pH 1 4 . 4 9 5 9 . 2 8 7  9 . 2 8 7  0 . 1 2  0 . 7 4 0  

Ter:1p " Temp 1 6 3 . 5 9 1  6 9 . 2 5 6  6 9 . 2 5 6  0 . 9 2  0 . 3 8 2  

CD� CD 1 2 3 . 2 9 1 2 3 . 2 9 1  2 3 . 2 9 1  0 . 3 1  0 . 6 0 2  

I nt e racr. ion 3 1 4 0 . 3 6 7  1 4 0 . 3 6 7  4 6 . 7 8 9  0 . 62 0 . 6 3 1  

pH� TeIT'p 1 5 1 . 8 5 5  5 1 . 8 5 5  5 1 . 8 5 5  0 . 6 9  0 . 4 4 5  

pWCD 1 7 0 . 9 9 4  7 0 . 9 9 4  7 0 . 9 9 4  0 . 9 4  0 . 3 7 6  

Temp * CD 1 1 7 . 5 1 9  1 7 . 5 1 9  1 7  . 5 1 9  0 . 2 3  0 . 6 5 0  

Res idual E r ror 5 3 7 6 . 7 0 8  3 7 6 . 7 0 8  7 5 . 3 4 2  

Lac k - o f - F i t  3 1 7 4 . 5 8 1  1 7 4 . 5 8 1  5 8 . 1 9 4 0 . 5 8  0 . 6 8 5  

P;..re E rror 2 2 0 2 . 1 2 7  2 0 2 . 1 2 7  1 0 1 . 0 6 4  

To a l  1 4  92 9 . 4 1 7  

E s t imated Regression Coe f f icients for COD % us i ng dar.a i n  uncoded units 

Term 

Const a n t  

p H  

Temp 

Coe f 

7 9 . 0 6 3 5  

- 2 . 8 5 8 0 7  

- 4 . 8 5 3 0 5  

1 12 



CD 
pH ' pH 

TE' p ' TE'l'Ip 

C ' CD 
H ' T mp 

pH ' CD 
T mp ' rc 

0 . C 9 1 2 3 7 1  

0 . 2 5 3 7 5 5  

0 . 0 7 6 9 9 3 8  

0 . 0 0 0 5" 5 3 2 6  

0 . 1 92 0 2 7  

- 0 . 0 2 3 9 0 3 0  

- . C O j 9 5  J 9 j 

Response Surface Regression : TH % versus p H ;  Temp;  C D  

ThE' ana � y s l s  was one uS Ing coded unI ts . 

Es I�ated ReqreSSICn Coe f f l c l e r  S for TH % 

TE'rm 

C ns ant 

H 

Ter:l 

CO 
pW. H 
Tem "" Temp 

CO' CD 
pH' Temp 

pH "" CO 

Temp� CD 

Coe : 

4 '  . 0 0 4  

1 5 . 2 2 5  

2 . 6 4 9 

9 . 0 2 9  

8 . 6 8 9  

- 1 0 . 6 6 1  

- 7 . 9 7 7  

- 4 . 2 2 8  

1 3 . 3 9 0  

7 . 6 9 4  

SE Coef 

6 . 9 9 3  

4 . 2 8 2  

� . 2 8 2  

4 . 2 8 2  

6 . 3 0 3  

6 . 3 0 3  

6 . 3 0 3  

6 . 0 5 6  

6 . 0 5 6  

6 . 0 5 6  

T 

5 . 8 6 4  

3 . 5 5 5  

0 . 6 1 9  

2 . 1 0 8  

1 . 3 7 9  

- 1 . 6 9 1  

- 1 . 2 6 6 

- 0 . 6 9 8  

2 . 2 1 1  

1 . 2 7 0  

PRE S S  = 1 1 0 7 8 . 1  

P 

0 . 0 02 

0 . 0 1 6  

0 . 5 6 3  

0 . 0 8 9  

0 . 2 2 7  

0 . 1 5 2 

0 . 2 6 1  

0 . 5 1 6  

0 . 0 7 8  

0 . 2 6 0 

S = :: � . ::' 1 2 0  

R-Sq = 8 ' . 1 8  R-Sq ( pred)  = 0 . 0 0 %  R-Sq ( ad] ) 

Ana l y s I s  o f  VarIance for TH % 

So\;rce 

RegreSS Ion 
Linear 

pH 

':'emp 

CD 
Sq\;are 

pH "pH 

-;-emp * -;-emp 
CO ' CD 

I nt e ra c t I on 
pH* Temp 

pH* C O  

Temp "CO 

Res i dual E rror 

::Oac ,c - o f - Fi t  

P re Error 

Tota:' 

OF Seq 55 

9 4 5 7 2 . 9 6  

3 2 5 62 . 7 0  

1 8 5 4 . 3 8  

1 5 6 . 1 3  

1 6 5 2 . 1 9  

3 9 8 4 . 8 0  

1 3 7 4 . 8 7 

1 3 7 4 . 9 6  

1 2 3 ;; . 9 7  

3 1 02 5 . 4 6  

1 7 1 . 5 1 

1 7 1 7 . 1 6  

1 2 3 6 . 8 0  

5 7 3 3 . 5 0  

3 6 8 5 . 6 5  

2 4 7 . 8 5 

1 4  5 3 0 6 . 4 6  

Unusual Observation s  for TH % 

Obs 

9 

1 5  

S tdOrder 

9 

1 5  

TH % 

1 7  . 9 4 9  

6 8 . 5 7 1  

Fi t 

3 0 . 6 8 4  

5 5 . 8 3 6  

Ad] 5 5  

4 5 7 2 . 9 6  

2 5 62 . 7 0  

1 8 5 4 . 3 8  

5 6 . 1 3  

6 52 . 1 9 

9 8 4 . 8 0  

2 7 8 . 7 8  

4 1 9 . 6 6  

2 3 4 . 9 7  

1 0 2 5 . 4 6  

7 1 . 5 1  

7 1 7 . 1 6  

2 3 6 . 8 0  

7 3 3 . 5 0  

6 8 5 . 6 5  

4 7 . 8 5 

5E F i t  

1 0 . 4 8 9  

1 0 . 4 8 9  

Adj M5 

5 0 8 . 1 1  

8 5 4 . 2 3  

1 8 5 4 . 3 8  

5 6 . 1 3  

6 5 2 . 1 9  

3 2 8 . 2 7  

2 7 8 . 7 8  

4 1 9 . 6 6  

2 3 4 . 9 7  

3 4 1 . 8 2  

7 1 . 5 1  

7 1 7 . 1 6  

2 3 6 . 8 0  

1 4 6 . 7 0  

2 2 8 . 5 5  

2 3 . 9 3  

Res idua l 

- 1 2 . 7 3 5  

1 2 . 7 3 5  

6 1 . 3 0 %  

F 

3 . 4 6  

5 . 8 2  

1 2 . 6 4  

0 . 3 8  

4 . 4 5  

2 . 2 4  

1 .  9 0  

2 . 8 6  

1 .  6 0  

2 . 3 3  

0 . 4 9  

4 . 8 9  

1 .  6 1  

9 . 5 5  

P 

0 . 0 92 

0 . 0 4 4  

0 . 0 1 6  

0 . 5 6 3  

0 . 0 8 9  

0 . 2 0 2  

0 . 2 2 7  

0 . 1 52 

0 . 2 6 1  

0 . 1 9 1 

0 . 5 1 6  

0 . 0 7 8  

0 . 2 6 0 

0 . 0 9 6  

S t  Res i d  

- 2 . 1 0  R 
2 . 1 0  R 

R denotes an observat ion with a l a rge standardized r e s i dual . 

Sstimated Regre s s i on Coe f f icients  for TH % us ing data in un coded u n i t s  

1 1 3  



T r. 
Cons apt 

pH 
Te p 

CD 

pH + pH 
T€,m " Temp 

CD' CD 
pH ' Tern 
pH - CD 
Tern ' CD 

Coe f 
3 5 . 6 8 5 7  

- 3 0 . 3 4 3 9  

9 . 8 1 2 8 2  

- 0 . 3 0 8 4 7 5  

1 . 3 9 0 2 7  

- 0 . 1 8 9 5 3 0  

- 0 . 0 : 6 0 5 0 2  

- 0 . 2 2 5 4 9 7  

0 . 0 7 5 9 7 1 2  

0 . 0 1 4 5 5 :1. 5  

Response S u rface Regressio n :  EC % versus p H ;  Te m p ;  C D  

The ana�ys i s  was done us i ng coded u n i t s . 

Es lrna e d  Regress �on Coe f f i cients for EC % 

Term 

Constan� 
pH 

T€:,:p 

CD 

pH " pH 

Temp " Temp 
CD' CD 
p H ' Temp 
pWCD 

Temp' CD 

Coe f 
2 4 . 2 9 4 7  

1 5 . 6 4 8 4  

0 . 9 3 6 5  

6 . 8 8 1 1  

2 G . 9 3 ::' 4  

6 . 1 4 4 5  

- 1 . 2 7 7 3  

3 . 0 2 2 4  

2 . 0 5 5 4  

- 0 . 7 62 1  

S E  Coef 
1 . 7 3 7  

1 . 0 6 4  

1 . 0 6 4  

1 . 0 6 4  

1 .  5 6 6  

1 .  5 6 6  

1 . 5 6 6  

1 .  5 0 4  

1 . 5 0 4  

1 . 5 0 4  

T 

1 3 . 9 8 6  

1 4 . 7 1 1  

0 . 8 8 0  

6 . 4 6 9 

1 3 . 3 6 8  

3 . 9 2 4  

- 0 . 8 1 6  

2 . 4 0 8  

1 . 3 6 6  

- 0 . 5 0 7  

S = 3 . 0 0 8 6 0  PRESS = 6 9 4 . 6 2 8  

P 

0 . 0 0 0  

0 . 0 0 0  

0 . 4 1 9  

0 . 0 0 1  

0 . 0 0 0  

0 . 0 1 1 

0 . 4 5 2 

0 . 0 6 1  

0 . 2 3 0  

0 . 6 3 4  

R-Sq = 9 8 . 9 2 %  R-Sq ( pred)  = 8 3 . 4 4 % R-Sq ( adj ) 

Ana l y s l s  o f  Vari ance f o r  EC % 

Source 
Regre s s ion 

Linear 

pH 
Temp 

CD 

Square 
p H � pH 

Tenp � Ternp 

CD* CD 

I nterac;: ion 

pH* 7emp 

p H � C D  

Temp "' CD 

Res i du a - E r ror 
Lac k - o f - F i t  

P u r e  E rror 

Tota l  

DF Seq SS 
9 4 1 4 9 . 0 4  

3 2 3 4 4 . 7 8  

1 1 9 5 8 . 9 7  

1 7 . 0 2  

1 3 7 8 . 7 9  

3 1 7 3 2 . 5 5  

1 1 5 8 1 . 7 7  

1 1 4 4 . 7 6  

1 6 . 0 2  

3 7 1 . 7 1  

1 5 2 . 4 9  

1 1 6 . 9 0  

1 2 . 3 2  

5 4 5 . 2 6  

3 4 3 . 1 1  

2 2 . 1 5  

1 4  t; 1 9 4 . 3 0  

nusual Obs e rvations for EC % 

Obs 
8 

1 2  

S c dOrde r 
8 

1 2  

EC % 

2 3 . 8 5 5  

3 2 . 9 4 5  

Fit 
2 0 . 5 8 2  

3 6 . 2 1 7  

Adj SS  
4 1 4 9 . 0 4  

2 3 4 4 . 7 8  

1 9 5 8 . 9 7  

7 . 0 2  

3 7 8 . 7 9  

1 7 3 2 . 5 5  

1 6 1 7 . 6 8  

1 3 9 . 4 0  

6 . 0 2  

7 1 . 7 1  

5 2 . 4 9  

1 6 . 9 0  

2 . 3 2  

4 5 . 2 6  

4 3 . 1 1  

2 . 1 5  

SE F i e  
2 . 6 0 6  

2 . 6 0 6  

Adj MS 
4 6 1 .  0 0  

7 8 1 . 5 9  

1 9 5 8 . 9 7  

7 . 0 2  

3 7 8 . 7 9  

5 7 7 . 5 2  

1 6 1 7 . 6 8  

1 3 9 . 4 0  

6 . 0 2  

2 3 . 9 0  

5 2 . 4 9  

1 6 . 9 0  

2 . 3 2  

9 . 0 5  

1 4 . 3 7  

1 .  0 7  

Res i du a l  
3 . 2 7 3  

- 3 . 2 7 3  

9 6 . 9 8 % 

F 
5 0 . 9 3  

8 6 . 3 5  

2 1 6 . 4 2  

0 . 7 8  

4 1 .  8 5  

6 3 . 8 0  

1 7 8 . 7 2  

1 5 . 4 0  

0 . 6 7  

2 . 6 4  

5 . 8 0  

1 .  8 7  

0 . 2 6  

1 3 . 3 9  

P 

0 . 0 0 0  

0 . 0 0 0  

0 . 0 0 0 

0 . 4 1 9  

0 . 0 0 1  

0 . 0 0 0  

0 . 0 0 0  

0 . 0 1 1  

0 . 4 5 2  

0 . 1 6 1  

0 . 0 6 1  

0 . 2 3 0  

0 . 6 3 4  

0 . 0 7 0  

St Res i d  
2 . 1 8  R 

- 2 . 1 8  R 

R denotes an observat ion with a l a rge standa rdized res idual . 

1 1 4  



E s t imated Regres s ion Coe f f�clen:s  for EC % using data In uncoded unIts 

Term Coef 
r"nstan 3 / 9 . 3 6 6  

oH - 6 5 . 1 7 4 7  

TE'm - 7 . '; 1 0 7 4  

CD 0 . 1 3 6 ::' 8 5  

pWFH 3 . 3 4 9 0 2  

Temp · Temp 0 . ::' C 92 3 6  

"'D� CD - 2 . S 6 98 6E - 0 4  

pH � Te!" 0 . ::' 9 3 1 9 3  

pH � CD 0 . 0 ::' 1 6 62 1 

Tel'1p* CD - 0 . 0 0 1. 4 4 1 3 8 

Response S u rface Regressio n :  p H  % versus p H ;  Temp;  C D  

The ana�ysls was aone u s i ng coded u n i t s . 

E s t ll'1ated Regress ion Coe f f icients for pH % 

Ter'T' 
Constant 

pH 
Terr.p 
CD 
p H � pH 

Tel'1p � Temp 
CD* CD 

pH� Temp 

pWCD 

Te"'p � CD 

Coe f 
3 9 . 5 0 2 1  

9 . 6 6 4 4  

- . 4 9 6 9  

� . 4 1 8 7 

- 8 . 1 8 0 7  

2 . 0 3 2 7  

- 0 . 2 1 62 

1 . 8 9 1 3  

- 1 . 5 3 2 3  

0 . 1 7 5 2  

SE Coef 
1 . 6 2 0 1  

0 . 9 9 2 1  

0 . 9 9 2 1  

0 . 9 9 2 1  

1 . 4 6 0 3  

1 .  4 6 0 3  

1 . 4 6 0 3  

1 . 4 0 3 0  

1 . 4 0 3 0  

1 . 4 0 3 0  

T 

2 4 . 3 8 3  

9 . 7 4 2  

- 2 . 5 1 7  

2 . 4 3 8  

- 5 . 6 0 2  

1 .  3 9 2  

- 0 . 1 4 8  

1 . 3 4 8  

- 1 . 0 9 2  

0 . 1 2 5  

S = 2 . 8 0 6 0 2  PRESS = 2 2 1 . 1 62 

P 
0 . 0 0 0  

0 . 0 0 0  

0 . 0 5 3  

0 . 0 5 9  

0 . 0 0 3  

0 . 2 2 3  

0 . 8 8 8  

0 . 2 3 5  

0 . 3 2 5  

0 . 9 0 6  

R-Sq = 9 6 . 6 7 %  R-Sq (pred)  = 8 1 . 2 7 % R-Sq ( adj ) 

Ana l ys i s  o f  Var iance for pH % 

Source 
Regres slon 

LInear 
pH 
Temp 

CD 

Square 
pH * pH 

Temp * Terrp 

CD" CD 

In e ract lon 
pH� Temp 

pH�CO 

Temp * CD 

Res l dua1 Error 

Lac k - o f - F i t  

Pure Error 

Tota l  

O F  S e q  SS  
9 E 4 1 . 3 1  

3 8 4 3 . 8 8  

1 7 4 7 . 2 0  

1 4 9 . 8 8  

1 4 6 . 8 0  

3 2 7 3 . 6 1  

1 2 5 7 . 8 4  

1 1 5 . 6 0  

1 0 . 1 7  

3 2 3 . 8 2  

1 1 4 . 3 1  

1 9 . 3 9  

1 0 . 1 2  

5 3 9 . 3 7  

3 9 . 6 4  

2 2 9 . 7 3  

1 4  1 1 8 0 . 6 8  

Adj S S  
1 1 4 1 . 3 1  

8 4 3 . 8 8 

7 4 7 . 2 0 

4 9 . 8 8  

4 6 . 8 0  

2 7 3 . 6 1 

2 4 7 . 1 0  

1 5 . 2 6  

0 . 1 7  

2 3 . 8 2  

1 4 . 3 1  

9 . 3 9  

0 . 1 2  

3 9 . 3 7  

9 . 6 4  

2 9 . 7 3  

Adj MS 

1 2 6 . 8 1 2  

2 8 1 . 2 9 3  

7 4 7 . 2 0 3  

4 9 . 8 7 6  

4 6 . 8 0 1  

9 1 . 2 0 3  

2 4 7 . 1 0 5  

1 5 . 2 5 6  

0 . 1 7 3  

7 . 9 4 1  

1 4 . 3 0 8  

9 . 3 9 1  

0 . 1 2 3  

7 . 8 7 4  

3 . 2 1 4  

1 4 . 8 6 3  

9 0 . 6 6% 

F 
1 6 . 1 1 

3 5 . 7 3  

9 4 . 9 0  

6 . 3 3  

5 . 9 4  

1 1 . 5 8  

3 1 . 3 8  

1 .  9 4  

0 . 0 2  

1 .  0 1  

1 .  8 2  

1 . 1 9 

0 . 0 2  

0 . 2 2  

P 

0 . 0 0 3  

0 . 0 0 1  

0 . 0 0 0  

0 . 0 5 3  

0 . 0 5 9  

0 . 0 1 1  

0 . 0 0 3  

0 . 2 2 3  

0 . 8 8 8  

0 . 4 62 

0 . 2 3 5  

0 . 3 2 5  

0 . 9 0 6  

0 . 8 7 9  

E s t imated Regression Coe f ficients  for p H  % u s ing data i n  uncoded u n i t s  

TerM. Coef 
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r ns al't 
ph 
�emp 
CD 

H ' pH 
Telrp ' . �p 

,.. ' CD 
pH · Temp 

H ' C" 
Tern ' CD 

- 7 7 . 5 1  3 

2 7 . 1 7 3  

- 3 . 3 4 9 4 2  

0 . 1 2 6 3 5 8  

- 1 . 3 0 8 9 1  

. 0 3 6 1 3 6 5 

- 4 . 3 4 9 0 1 E- 0 5  

0 . 1 0 0 8 7 0  

- 0 . 0 0 8 6 9 3 6 5  

� . 0 0 0 3 3 I:? 7 8  

Response S u rfa ce R eg ressio n :  T D S  % versus p H ;  Temp; C D  

The a . a l y s l s  w a s  done u S lng coded u n i t s . 

Es  lma E'd Regr�ss lon Coe f f icients for TDS 

Ter. Coe f SE Coef T P 

Con s ;:ant  2 4 . 6 - 1 4  1 . 7 6 9  1 3 . 9 4 0  0 . 0 0 0  

pH 1 5 . 6 8 8  .. 1 .  0 8 3  1 4 . 4 8 2  0 . 0 0 0  

Terr ... . 2 7 4 4  1 . 0 8 3  1 . 1 7 6  0 . 2 9 2  . 

CD 6 . 8 0 8 8  1 .  0 8 3  6 . 2 8 5  0 . 0 0 1  

pWpH 2 1 . 9 8 3 5  1 . 5 9 5  1 3 . 7 8 6  0 . 0 0 0  

Terrp + Temp 5 . 8 5 4 9 1 . 5 9 5  3 . 6 7 2  0 . 0 1 4  

C!)' CD - 1 . :;' 5 8 0  1 .  5 9 5  - 0 . 7 2 6  0 . 5 0 0  

H ' Temp 3 . 4 1 1 8  1 . 5 3 2  2 . 2 2 7  0 . 0 7 6  

pH * CD 1 . 8 6 6 3  1 . 5 3 2  1 .  2 1 8  0 . 2 7 7  

Temp ' CD - 0 . 1 9 0 3  1 .  5 3 2  - 0 . 1 2 4  0 . 9 0 6  

S = 3 . 0 � 0 9  PRESS = 6 9 1 . 2 4 1  

R - S q  = 9 8 . 9 2  R-Sq ( pred}  = 8 4 . 1 0 % R-Sq ( ad] } 

Ana 1 y s l s  of  Variance for TDS % 

So rce DF Seq SS  Ad] SS  

Regr e s s i on 9 4 2 9 9 . 2 0  4 2 9 9 . 2 0  

Linear 3 2 3 5 2 . 8 1  2 3 5 2 . 8 1  

pH 1 1 9 6 8 . 9 5 1 9 6 8 . 9 5  

Ter1p 1 1 2 . 9 9  1 2 . 9 9  

CD 1 3 7 0 . 8 7  3 7 0 . 8 7  

S quare 3 1 8 8 5 . 7 5  1 8 8 5 . 7 5  

pH"pH 1 1 7 4 9 . 5 7  1 7 8 4 . 3 9  

Temp' Temp 1 1 3 1 . 2 3  1 2 6 . 5 7 

CD* CD 1 4 . 9 5  4 . 9 5  

I nt e ractlon 3 6 0 . 6 4  6 0 . 6 4  

pH * 7emp 1 4 6 . 5 6  4 6 . 5 6  

pWCD 1 1 3 . 9 3  1 3 . 9 3 

Temp· CD 1 0 . 1 4  0 . 1 4  

Res i dual  E r ror 5 4 6 . 9 4  4 6 . 9 4  

Lac k - o f - F i t  3 4 2 . 5 9  4 2 . 5 9  

Pure E rror 2 L 3 5 4 . 3 5  

,"ota l 1 4  4 3 4 6 . 1 5  

Unu s u a l  Observa ions for TDS % 

Obs SLdOrder TDS % 

8 8 2 4 . 1 92 

1 2  1 2  3 4 . 1 4 4  

F i t  
2 1 . 0 8 5  

3 7 . 2 5 1  

S E  F i t  
2 . 6 5 4  

2 . 6 5 4  

Ad] MS 
4 7 7 . 6 9  

7 8 4 . 2 7  

1 9 6 8 . 9 5  

1 2 . 9 9  

3 7 0 . 8 7  

6 2 8 . 5 8  

1 7 8 4 . 3 9  

1 2 6 . 5 7  

4 . 9 5  

2 0 . 2 1  

4 6 . 5 6 

1 3 . 9 3  

0 . 1 4  

9 . 3 9  

1 4 . 2 0  

2 . 1 8  

Res i dual  
3 . 1 0 8  

- 3 . 1 0 8  

9 6 . 9 8 % 

F P 
5 0 . 8 8  0 . 0 0 0  

8 3 . 5 3  0 . 0 0 0  

2 0 9 . 7 2  0 . 0 0 0  

1 .  3 8  0 . 2 92 

3 9 . 5 0  0 . 0 0 1  

6 6 . 9 5  0 . 0 0 0  

1 9 0 . 0 6  0 . 0 0 0  

1 3 . 4 8  0 . 0 1 4  

0 . 5 3  0 . 5 0 0  

2 . 1 5  0 . 2 1 2  

4 . 9 6 0 . 0 7 6  

1 .  4 8  0 . 2 7 7  

0 . 0 2  0 . 9 0 6  

6 . 5 2  0 . 1 3 6  

S t  Res i d  
2 . 0 3  R 

- 2 . 0 3  R 

R denotes an observat ion with a la rge standa rdi zed residual . 

1 16 



Regresslon Coe f f l clen s for TDS u Sl ng data in  un coded unl S 

T r 

Constant 
pH 
7e;m 

o 6 (  

" ::>  
pH ' pH 
Te p � Temp 
CD -CD 
pH"' Temp 

pH * CD 

Temp* CD 

Coe f 
'3 9L . 1 92 

- 6 7 . 8 1 92 

- 7 . 2 

0 . 1 0 5 3 6 9  

3 . 5 1 7 3 5  

O . 1 0 4 0 8 }  

- 2  . ..1 2 9 9 6 8 - 0 4  

0 . 1 8 1 9 6 1  

0 . 0 1 0 5 8 9 2  

- 3 . 5 3 9 7 2 8 - 0 4  

Response S u rface Regressio n :  S a l i n ity % vers u s  p H ;  Temp;  C D  

The analysls  �as aone us ing coded u n i  s . 

8 s t lmdted Regr e s s ion Coe f f l c ients for S a 1 1 n i t y  % 

Term Coe f SE Coef T P 

Constant ':. 7 . 5 8 0 1  2 . 6 9 8  1 6 . 2 4 6  0 . 0 0 0  

pH 1 5 . 8 7 5 4  1 . 0 4 0  1 5 . 2 7 0  0 . 0 0 0  

Temp 1 .  2 <:' 53 1 . 0 4 0  1 . 2 4 6  0 . 2 6 8  

C D  6 . 7 0 7 3  1 . 0 4 0  6 . 4 5 2  0 . 0 0 1  

pH ' pH 2 0 . 7 9 3 5  1 . 5 3 0  1 3 . 5 8 8  0 . 0 0 0  

Tel"<p" Ter:lp 4 . 6 4 4 2  1 . 5 3 0  3 . 0 3 5  0 . 0 2 9  

CD� CD - 2 . 4 6 1 3  1 . 5 3 0  - 1 . 6 0 8  0 . 1 6 9  

pWTemp 3 . 3 2 4 7  1 . 4 7 0  2 . 2 6 1  0 . 0 7 3  

pH * CD 1 . 8 7 62 1 . 4 7 0  1 .  2 7 6  0 . 2 5 8  

Temp * CD - 0 . 3 1 8 5  1 .  4 7 0  - 0 . 2 1 7  0 . 8 3 7  

S = 2 . 9 4 0 B  PRESS = 6 3 9 . 4 3 8  

R-Sq = 9 8 . 9 7  R-Sq (pred)  = 8 4 . 7 4 % R-Sq ( adj ) 97 . l l % 

Ana l y s i s  o f  Va r iance for S a l i n i t y  % 

Source DF Seq SS Adj SS  Adj MS F P 

Regre s s ion 9 4 1 4 7 . 4 7 4 U 7 . 4 7  4 6 0 . 8 3  5 3 . 3 0  0 . 0 0 0  

�lnear 3 2 3 8 9 . 5 6  2 3 8 9 . 5 6  7 9 6 . 5 2  9 2 . 1 2  0 . 0 0 0  

pH 1 2 0 1 6 . 2 4  2 0 1 6 . 2 4  2 0 1 6 . 2 4  2 3 3 . 1 9  0 . 0 0 0  

Temp 1 1 3 . 4 2  1 3 . 4 2  1 3 . 4 2  1 .  5 5  0 . 2 6 8  

C D  1 3 5 9 . 9 0  3 5 9 . 9 0  3 5 9 . 9 0  4 1 . 6 2 0 . 0 0 1  

Square 3 1 6 9 9 . 2 0  1 6 9 9 . 2 0  5 6 6 . 4 0  6 5 . 5 1  0 . 0 0 0  

p H * pH 1 1 5 9 0 . 0 6  1 5 9 6 . 4 4  1 5 9 6 . 4 4 1 8 4 . 6 3 0 . 0 0 0  

Temp * Temp 1 8 6 . 7 8  7 9 . 6 4  7 9 . 6 4  9 . 2 1  0 . 0 2 9  

CD* CD 1 2 2 . 3 7  2 2 . 3 7  2 2 . 3 7  2 . 5 9 0 . 1 6 9  

_ n t e raction 3 5 8 . 7 0  5 8 . 7 0  1 9 . 5 7  2 . 2 6  0 . 1 9 9  

pH * Temp 1 4 4 . 2 1  4 4 . 2 1  4 4 . 2 1  5 . l l  0 . 0 7 3  

p W C D  1 1 4 . 0 8 1 4 . 0 8  1 4 . 0 8  1 .  6 3  0 . 2 5 8  

Temp " CD 1 0 . 4 1  0 . 4 1 0 . 4 1  0 . 0 5  0 . 8 3 7  

Res i du a l  Error 5 4 3 . 2 3  4 3 . 2 3  8 . 6 5  

Lack - o f - Fi 3 3 9 . 4 3 3 9 . 4 3  1 3 . 1 4 6 . 9 1  0 . 1 2 9  

Pure E r ror 2 3 . 8 0  3 . 8 0  1 .  9 0  

1 1 7  



To a 

nus a1 

bs St. 
b 

1 2  

1 4  4 : 9 0 . 7 0  

bservatl.ons for S a l l n l t y  

Oreer Sal nlty Fit 

8 2 4 . 4 4 4  2 : . 4 4 2  

1 2  3 4 . 4 4 4  3 . 4 4 7  

SE F i t  Res l. dual S t  Fes i d  
2 . 5 4 7  3 . 0 0 3  2 . 0 4  

2 . 5 4 7  - 3 . 0 0 3  - 2 . 0 4  

F deno es an obs e rvatl.on w l. th a la rge s tanda rdized res i dual . 

R 
R 

Es l.mat Re reSS l.on Coe f f i cients for S a l l. n i  y % u s i ng dat.a in  uncoded u n i t s  

Terl" 

Constant 
Ii 

Tern. 

CD  
pH+pH 

Ter:ip + Tem 

CD ' CD 
• H + Temp 
pWCD 

Temp" CD 

Coe f 

3 4 6 . 6 9 3  

- 6 4 . C 1 0 9  

- 5 . 9 2 4 1 .,  

0 . _ 2 2 0 3 1  

3 . 3 2 6 9 5  

0 . 0 8 2 5 6 2 8  

- 4 . Q 5 2 1 6E - 0 4  

0 . 1 7 7 3 1 5  

0 . 0 1 0 6 4 5 3  

- 6 . 0 2 3 3 6E - 0 4  

Response S u rfa ce Regressio n :  TSS % versus p H ;  Tem p ;  C D  

The ana1ys l s  w a s  done u s ing coded u n i t s . 

Est. lmated Regre s s ion Coe f � i cients for TSS % 

Terrr 

Cons t ant 

pH 
':'em 
C 

pH " pH 

Temp � Temp 

CD" CD 

pH+ Temp 
pH � CD 
Temp " CD 

S = 1 2 1 . 2 7 8  

Coe f 
3 8 3 . 3 3  

2 5 . 0 0  

- 3 1 . 2 5 

1 8 . 7 5  

- 7 9 . 1 7  

- 1 1 6 . 6 7  

- l l 6 . 6 7  

- 1 2 . 5 C  

6 2 . 5 0  

5 0 . 0 0  

S E  Coef 
7 0 . 0 2  

4 2 . 8 8 

4 2 . 8 8  

4 2 . 8 8  

6 3 . 1 2 

6 3 . 1 2  

6 3 . 1 2  

6 0 . 6 4  

6 0 . 6 4  

6 0 . 6 4  

T 

5 . 4 7 5  

0 . 5 8 3  

- 0 . 7 2 9  

0 . 4 3 7  

- 1 . 2 5 4  

- 1 . 8 4 8  

- 1 . 8 4 8  

- 0 . 2 0 6  

1 . 0 3 1  

0 . 8 2 5  

PRESS = 1 1 5 3 7 5 0  

P 

0 . 0 0 3  

0 . 5 8 5  

0 . 4 9 9  

0 . 6 8 0  

0 . 2 6 5 

0 . 1 2 4  

0 . 1 2 4  

0 . 8 4 5  

0 . 3 5 0  

0 . 4 4 7  

R-Sq = 6 7 . 0 7 %  R - S q ( pred) = 0 . 0 0 %  R-Sq ( adJ ) 

Ana l y s i s  o f  Variance for TSS % 

So rce 

Regress ion 

=..i ne a r  

p H  

':'emp 

CD 

Sq  a re 

p H + pH 

Temp " Temp 

CD*CD 
Interac ion 

pH* Temp 

pWCD 

DF 

9 

3 

1 

1 

1 

3 

1 

1 

1 

3 

1 

1 

Seq SS  

1 4 9 7 92 

1 5 62 5  

5 0 0 0  

7 8 1 2  

2 8 1 2  

1 0 7 9 1 7  

1 4 5 8 3  

4 3 0 7 7  

5 0 2 5 6  

2 62 5 0 

62 5 

1 5 62 5 

Ad] SS  

1 4 9 7 92 

1 5 6 2 5  

5 0 0 0  

7 8 1 3  

2 8 1 2  

1 0 7 9 1 7  

2 3 1 4 1  

5 0 2 5 6  

5 0 2 5 6  

2 62 5 0 

6 2 5  

1 5 6 2 5  

Adj MS 

1 6 6 4 3 . 5 

5 2 0 8 . 3 

5 0 0 0 . 0 

7 8 1 2 . 5 

2 8 1 2 . 5 

3 5 9 7 2 . 2 

2 3 1 4 1 .  0 

5 0 2 5 6 . 4 

5 0 2 5 6 . 4 

8 7 5 0 . 0 

6 2 5 . 0 

1 5 6 2 5 . 0 

l 1 8  

7 . 8 0 % 

F 

1 . 1 3 

0 . 3 5  

0 . 3 4  

0 . 5 3  

0 . 1 9  

2 . 4 5  

1 .  5 7  

3 . 4 2 

3 . 4 2  

0 . 5 9  

0 . 0 4  

1 .  0 6  

P 

0 . 4 7 1  

0 . 7 8 9  

0 . 5 8 5  

0 . 4 9 9 

0 . 6 8 0  

0 . 1 7 9  

0 . 2 6 5 

0 . 1 2 4  

0 . 1 2 4  

0 . 6 4 5  

0 . 8 4 5  

0 . 3 5 0  



Tf�P ' CO I 1 0 C O O  : 0 0 0 0  1 0 0 0 0 . 0 0 . 6 8  O . � q  

R 5 1dual Error 5 7 3 5 � 2  7 3 5 � 2  1 4 7 0 8 . 3 

:"ac k - o f - F 1 t  3 7 1 8 7 5  7 : 8 7 5  2 3 9 5 8 . 3 2 8 . 7 5  0 . 0 3 ';  

Pure E rror 2 1 6 6 7  1 6 6 7  8 3 3 . 3 

':'ota 1 1 4  2 2 3 1 1 3  

E5t 1�_ e Regression Coe f ficients  for T S S  us i ng data i n  uncoded units  

Term Coe f 
Con�tdnt  - 2 3 3 5 . 2 3  

H 1 9 3 . 2 9 1 

T{'mp 9 6 . 0 5 1 6  

CO oj . 3 1 9 6 6  

WpH - : 2 . 6 6 6 7  

TE"�,p ' 'Ter:lp - 2 . 0 7 4 0 7 

CO ' CO - 0 . 0 2 3 4 "1 3 0 

pH ' Temp - 0 . 6 6 6 6 6 7  

pH "" CO 0 . 3 5 4 6 1 0  

Tern ' CD 0 . 0 9 4 5 6 2 6  

1 19 
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