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Abstract

Petroleum refining is one of the most important chemical processing industries, converting
crude oil into many usable and useful products, but it can cause adverse environmental impacts.
Two environmental issues were addressed: i) reducing ammamiantrations in wastewater

and ii) reducing selected carbon dioxide emissions using carbon capture technology. Ammonia
removal during waste water treatment is important because of its potential toxic effects in
aqueous environments. Although biologit@atment is generally favourable, its application

in cold climates is ineffective due to slow kinetics. An adsorption process is one viable
alternative process that can be used to reduce ammonia concentrations, and accordingly 10
commercial ion exchangesins and 6 zeolites were tested to assess their effectiveness for the
removal of ammonia from real polluted water samples (3.8to8mglLN\H) cont ai ni ng
cations. In subsequent tests, the performance of six selected adsorbents was further
charactezed using Langmuir, and Freundlich isotherm and psdffdand pseud@™ order

kinetic models. The results showed that the Dowex resin was best characterized by the
Langmuir isotherm while LEWATIT resin, AZLBla and NVNa zeolites were by the
Freundlichone. Also, each adsorbent was best characterized by pg&udaler kinetics.
Adsorbent equilibrium capacities in the range of 0.2 to 0.4 mg/g were determined for ammonia
concentrations of approximately 1 mgBecause of its high selectivity towards aonia, a
LEWATIT S 108 H resinwvas tested to assets effectiveness in the batch and continuous
adsorption of ammonia from the real wastewater. Batch adsorption tests were conducted using
different masses of LEWATIT for 22.7 mg/INHs1 N wastewater and the equilibrium data

so obtained were characterized using Langmuir and Freundlich isotherms to obtain model
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constants. Continuous adsorption tests were then carried out in two different sizdukfixed
glass columns to obtain breakthroughves. Also, ammonia desorption from LEWATIT was
achieved using (5:100 w/v) HCI with an efficiency of approximately 50%. The Bélgiars

and Thomas models were used to fit the experimental breakthrough curves for finding model
parameters. The results shohat the LEWATIT performance can be welaracterized by

both theBohartAdams and Thomas models in the fixeeld column. For comparison, a
column was loaded with thAZLB-Na zeolite to generate a breakthrough curve, and the
desorption process was ackee using sodium hydroxide. Bohatlams and Thomas models

were employed to find model parameters that would describe the breakthrough curve of the
adsorption process. These were then compared with experimental results, showing good

agreement.

With respetto carbon dioxide emissions, the Fluid Catalytic Cracking (FCC) unit was the
focus because it causes the bulk of the €@issions in a refinery (around 30%)mplified
mathematical models were derived using static and dynamic heat balances of beslsttire

and regenerator. The main purpose of studying dynamic responses was to find the most
influencing flow rates and their lower/upper limits to ensure that reactors/regenerator
temperatures work within normal operating conditions, which are usedeasaidtraints in

the optimization technique. In the regenerator where combustion takes place, two systems were
examined: postombustion and oxgombustion since percentages of thexCantent differ.

In an oxycombustion system, the G@aptured will nobnly be sequestered but also will be

used as a side stream to the FCC unit since the operation will be continuous.



Acknowledgements

First, | would like to acknowledge Iraq, my home forever where | was baw, gp and will die, for
giving me the opportunity to complete my PhD in Canada by funding my scholarship through the
Ministry of Higher Education and Scientific Research and the University of Technology, Baghdad,

Irag.

Second, | extend my deep thanks tm&ia and the University of Waterloo for their warm welcome. It
was winter when | first arrived in Canada. With snow covering everything aroundamaddooked

like a bride in her white dress.

Third, | warmly acknowledge my supervisors, Professor Ali Ekgaand Professor William A.

Anderson, for their scientific advice, support and help during my PhD years.

Fourth, | would like to acknowledge the staff of the Iragi cultural office in United States of America,
especially Professor Dr. Asaad Omran andstiaéf of the Iraqgi cultural office in Canada, especially

Professor Dr. Sabah Wajid Ali for their continual assistance.

Fifth, I warmly acknowledge, Professor Mark Pritzker and@arol Moralejdfor their scientific help

during my PhD years.

Finally, 1 am grateful to the administrative and technical staff in the Department of Chemical

Engineering, especially Judy Caron, Linda Sherwood, and Dennis Herman, for their continual help.

vi



To

Dedication

my brothers, and sisters,

and the memory of my mother aather

Vii



Table of Contents

AUTHOR'S DECLARATION. ...ccttiiiiiiiiititt ittt et e ettt e e s samt e e e e e e s s be e e e e e e e s smmme e e e e e aanas i
Y 013 1 = X P PP O PP PPPPPPRPPP iv
ACKNOWIEAGEIMENIS. ...ttt e e et e e e e e e e s ammee s s s e e e e e e e e e e e aans Vi
7T [ To%= 11 0] o Vi
JLIE= Lo 1= 0 ) B 0T ] 1= 0 Vil
LIST Of FIQUIES....ceeieieii ittt emmr et e e e e e et e e e e e et e e e e e e e n e e e e e e e e s s es Xi
IS A =1 ][ Xiii
LISt OF SYMDOIS......ceeeiiiiiiei ittt e e eens et e e e e e e e s e e eean Xiv
Chapter 1 : INtrOQUCTIQN......uviieiiiee et ere et e e e e e e e e e s e bbb e nnas st r e e e e e e eeeeeaas 1
I = 7= Tod (o [ (o 10 o F PO PPPPP T PPPP 1
1.2 RESEAICH OULIING.....cc o rmmr et e et e e e e eee s rrn e e e e e e e e e aeaaeeaeeens 4
1.3 THESIS SITUCTULE. ...ceiiiiieii ittt ieeet et e e e e e e eret et e e e e e e s s s bbbt e e e snereeeaaeeeeennnnneeeees 5
Chapter 2 : BatCh AdSOrPtioN PrOCESS .. ..uuuuiiiuiiiiiiiiiimmeeieeeiee e e ee et ee e e eeeer e e emoes 6
P22 R [ 1 0o [T (o o PP RRRP PSP 6
2.2 TYPES Of WASIEWALEIS.......coiiiiiiieeieeeeeeeeee e et s et s e e e e e e e s e e e e ee s e ees s e e e b rsrnnreaaeeeeeeaaeend 8
PR B Yo [T o= o1 1= PP PR 9
2.4 AdSOIDENT ANAIYSIS......ccco i e e e 10
2.5 EXperimental WOTK..... ..ot e e 11
2.5.1 SCrEENING TOSIS. ..uuiiiiiiiiiiiiiiiiiiiirrnr e e e e e e e e e eeeeeeeeeeeeeseeaearrararaa—— e anm———eeeeeeeeeeeees 11
2.5.2 AAVANCEA TOSIS.....uueiiiiiiiieee e e e isieees sttt et e e e e e e e e e eea sttt eeeeeeeeeaannnsennnnsseseeeeeeenn 12

B2 0 1 1= 0 13
2 A ] 1] (o3PS 15
2.8 REOIESSION. ....eiiiie e ettt e ettt eeeee et e e e e e e e e e b bbb ettt e e ememr et e e e e e e e e e e e aan 17
2.9 RESUIS ANU DiSCUSSION. ... uuvtiuetiinieiintiiimmmteeeeeeeteeeeteeeeeeeeessaaaa s s aassaassessmmmreeeeeeeees 17
2.9.1 SCIEENING TOSIS . i iiiiiiiiitiit ittt eeeet et e et eeeer et e e e e e e et e e e s emmr e e e e e e e e annes 17
A B Ao 1Y - T g o= T I IS PSRRI 20
2.9.3 Kinetics and ISOtNEIMIS...........coooi i rrer e e e e e e e e e e e e e e e aa e e e e e e enansenes 22
20 0 0 o ][ 1= o 1 1 35
Chapter 3 : Continuous Adsorption Using LEWATIT. ..o 36
G 700 11 e T [ To{ 1[0 o T 36
3.2 Real Wastewater and LEWATIT RESIN.........ooiiiiiiiiii e 37

viii



3.3 AASOIPLON ANBIYSIS. ...eeeeiiiieeiiiiiit et e e e e eeeer e e e e e e e e e e e e emer e e e e e e e e e e e 38

70 0 1 1T 0 = 39
3.5 Relationship Between Isotherms @rdakthrough Curve............ccccveveiiiieec 40
3.6 FixedBed COlUMN.......uuueiiiiiirie e eeeeeeeeeeeeeees s s e sn e e e s e eeeeeneaeesesememenennseennennnns 41
3.7 Breakthrough Curve ANAIYSIS..........uuuuuuiiiiiiimee e e reee e e 43
A 1Y (o o = L3OO PPRRPPNE 43
3.7.2 Experimental DeSIgN........ccccooiiiiiii i eeeeeeerrrrrrrre e e e e e e nena e e e e snenennn B
3.8 DESOIPLION PrOCESS . .uvviiiiiiiiiiiiiiiiiiimeneeeeeeeeieeeieeeeeeeeeessssessnssnnnssssssssssssmmmeeseesseeessness 40
IR I = =T [ =TST] o] o PRSP 48
3.10 RESUILS AN DISCUSSION.......cceiiiiiiiiiiiitieeerieeee e e e e e s ettt e e e s esetee e e e e e s s ssnabaeseeeeesennmraeaeeeas 48
0 00 £ 11 1= 1 1 01U PPP P PPPRPPP 48
3.10.2 FIXEEBEA COIUMM.....uiiiiiiiiiiiiiiiiie ettt e e e e e e e s bbb e e e sneneeeeeeas 49
3.10.3 DESOIPLION PrOCESS......ciiiiiiiiiieeee et eeeee ettt e e e e e e e e e e e e e e e e e ae e aeae s s s b b e e ab e e e s rnneeeeeens 50

0 700 I o T o 01 [0 1= PSP 55
Chapter 4 : Continuous Adsorption USiNg AZANBAL.............coeeeieiiiiiiiimmmniee e eneesees 56
g 1 0T [T 1T o T 56
4.2 REAI WASTEWALEN. ... .iiiiieiseee s e e e ettt eeee et rresseeeeeaeeaeaaeeaaaaeeeeeenaassennsennnennnnnnnns 57
G Yo LYo} 01T =P 57
4.4 AUSOIPLON ANGIYSIS.....eeeiiiiieeiiiiiiiie et e e e e e e eeeer e e e e e e e e e bbb e e e s emer e e e e e e e e e aanns 58
4.5 Experimental AdSOrPLON TESIS. .....uuiiiiiiiiiiiiiitireeit et e e e e s s s mees s e e e e e e e s snneeee s 58
4.6 Relationship Between Isotherms and Breakthrough Curve...........cccccoevvecceeiiiiiiiinnene, 59
b (=T | =T I @ U g o P 60
4.8 Breakthrough Curve ANAIYSIS.........uuuuuuiiiiiiiime e eeee e oo 61
S 0 IV o 1= PO USRRPR 61
4.8.2 EXperimental DESIQN............oooiiiiiiii et e e e e 62
4.9 DESOIPLION PrOCESS .. uututtiuuuitttiiiutiiimmneeeeeeeeteeeettetteeeeees aaaana s ammreseeeseeeereees 64
KO =T =TT o o T 65
g I I =S 1= g o DL o] B = ) P 66
g I O RS T = =Y 11 T R I == 66

T I A b (=T > Y=o [0 ][] 1 o o 67

T I G B D =TT T o 4[] I o 0 o = 67
T2 o T Lo U1 [0 1= SRR 71

iX



Chapter 5 : COEmissions Management in 8@ FCC UnNiL............ccocuiiiiiieeeiiieeeeeeeeeee e 72

o 00 I [ 1Yo [T T o OO USPOUPRRPRRRY 924
5.2 Fluidized Catalytic Cracking (FCC) UniL...........cciiiiiiiiiieeeieeeeee e 74
5.2.1 FCC ProCess DESCIPLAN . ........uuuiiiiiiiieeiimee et e e e s ammme e r e e e e e e e amneas 74
5.2.2 Validation of the FCC Simplified Model.............cccooiiiiiiiiccriieeeeeeeevvvvvvvvvveees e A ©
5.2.3 Simplified FCC Unit MOdEeliNg..........coooiiiiiiiiieieeeee e 78
5.2.4 Optimization TECANIQUE........oiiiiieeeeeee e ene s 83
5.2.5 Relative Gain Array (RGA).....ccoooi it rrne e e e e e e e e e e e e e e e e e e aaaa e 84

5.3 Carbon Capture ULLL........cccoiiiiiiii ittt rrre e e e e e e e e e eeeaeaaeaaaeeesananrennnnnnnnnnnnd 85
5.3.1 CQ Capture Process DeSCHPOM . ........ccvviviiiiiiiiiees e e e e e ee e ee e e eeeeesveevneeennennnes 85
5.3.2 SIMplified COMOAEIIING......cciiiiiiiiiiiiiiiiie e e ean 86

5.4 RESUIS @Nd DISCUSSION. ... ..uuuiiiiiiieeeiiiiieeee s sttt eeeae e e e s s s mnnsssssbba e eeeeeeeaessnnsnnnssnsneeees 89
5.4.1 Dynamic Behaviors of the FCC UNit..............uuiiiiiiiii e e 89
5.4.2 Optimization Techniguof the FCC UNiL..............ooviiiiiiiiiiicen e 90
5.4.3 RGA Of the FCC UNIL......uiiiiiiiiiiie e ccceeee ettt m e e e e e e e e e e nnennnes 92

S 0] o o] 1113 o o 1= PSRRI 101
Chapter 6 : Conclusions and Recommendations for Future Work................ccoveeeiiviiinnnnnns 102
BiDIOGraPNY....cce i nnne s 104
Appendix A : Adsorption Process aRthotolySisof AmMmONia.............eeeevveeeiriiiicmniiniiiiieeeeeenn 116
Appendix B : CQ Emissions Management in @ FCC UNit.............ooooiiiiieemiiiieeieee e 125



List of Figures

Figurel.l Processes of the general petroleum refining.........cccooooiiiiiiiccciiieiiieeeeceeeeeeee, 2
Figurel.2 Ammonia percentages in the petroleum refining wastewaters produced by each. L#it.
Figure2.1 Adsorption capacities isynthetic wastewatersing1.5g of each adsorbent.............. 23
Figure2.2 Percentage of the ammonia removal freynthetic wastewater usirigs g of each

=0 £ 0] 0= o | 24
Figure2.3 pH of synthetic wastewatersingl.5g of each adsorbent...............cccccveiiiiecce e 24
Figure2.4: Adsorption capacities in real wastewater ugirigg of NV-Na and DIAION PR16.....25
Figure2.5. Percentage of the ammonia removal from synthetic wastewaterluSig@f eachNV-Na

& DIAION PR2LG.....eeieiiiiiieeeiitee e seee ettt ettt eeme e ekt e e e ek bb e e e e es b bmnnbe e e e e e bbbe e e e e anseeeeas 25
Figure2.6. pH of real wastewater usirig5g of each N¥Na & DIAION PK216...............cccvveeee. 26
Figure2.7: Adsorption capacities in real wastewater usiggof each adsorbent......................... 26

Figure2.8 Percentage of the ammonia removal from real wastewater igild each adsorben27
Figure2.9: pH of real wastewater usir®yg of each adsorbent..............ccccoviiiiiie . 27
Figure2.1Q Langmuir & Freundlich isotherms for the selected adsorbents in real wastewatet9
Figure2.11 Pseudels and pseud@ order kinetics obyntheticwastewater using.5g of each

= T0 K011 0 1= o | PP PPRPPRSTPR 31

Figure2.12 Pseudelst and pseud@™ order kinetics of real wastewater usihig of each adsorbent.

Figure3.1: Comparison of the experimental isotherm with those fitted according to the Langmuir and
Freundlich isotherms for adsorption of ammoniadds 1, 2, 3, 6 and 9IEWATIT in 0.12 L

2 I (ST = L] PP PP 51
Figure3.2 Breakthrough curves using batmall and largeolumns..............cccviiiiiiiiieeee e 52
Figure3.3 Bed depth versus breakthrough and saturation times using a small column........ 52
Figure3.4: Plot of the apparent desorption rate COeffiCIENt............covveiiiiiiicceniiiiiiieeeeeee 53
Figure3.5: Elution plot Of LEWATIT ...t mee e 53
Figure4.1 Adsorption capacities usir5andl g of each adsorbent in real wastewatet.......... 68

Figure4.2 Percentage of the ammonia removal of real wastewater 0$%i8g1 g of each adsorbent.

................................................................................................................................................ 68
Figure4.3 Breakthrough curves usingageColUmMN..........ccooiiiiiiiiiiiiieeeceee e 69
Figure4.4: Plot of the apparent desorption rate coefficient............coovvvviiii 69
Figure4.5: Elusion plot Of AZLIB-Na. .......coooiiiiiii e e e e e e e e e e e e e e e e e e e e e e eeen 70

Xi



Figure5.1 A systematic diagram of the FCC unit with the&@pture unit..............cccvveeiiiieee. 76
Figure5.2 A systematic diagram of tHeO, capture UNit............cccooviiiiiiiiimemiiiieieeeeee e 86
Figure5.3 Temperatures responds by a positive change in thecpagbustion system for (a)
reactor and (D) FEOENEIALIAL...........uuiiiiiiiee e e e e e e e e e e s 93
Figure5.4: Temperatures responds by a negative change in thepadtustion system for (a)
reactor and (D) FEOENEIATAL. .......ccciiiiei i i ee i e e eee et eee e e e rrr e s e e e e e eaaeeaaaeaaeaeaesamesressnrnnnnnes 94
Figure5.5 Temperatures responds by a positive change in theompustion system/same heat
for (a) reactor and (D) regeNErataQL..............cooeiiii i icec e mmmr e s e e e e e e e e e e e e e e e e e e e e e e aaeeas 95
Figure5.6: Temperatures responds by a negative change in thearpustion system/same heat
for (a) reactor and (D) regENEIALtAL..............ccooiiiii e mmme e e e e e e e e e e e e e e e e e e e e e e e e aaeeaas 96
Figure5.7: Temperatures responds by a positive change in theompustion system/same
volume for () reactor and (D) regeNEratQr................ooiiiiiieeciiiiiic e e 97

Figure5.8 Temperatures responds by a negative change in thearpustion system /same

volume for (a) reactor and (D) regEeNEIatQL............c.uuuiiiiii e a8
Figure A.Z Adsorbents (RESINS/ZEOIIES).........cocuiiiiiiiiiii et 117
Figure A.2 (Left) Spectrophotometer & (Right) pH Meter...........coovviiiiiiimmmniiieeee s 118
Figure A.3 (Left) Ace column, (Middle) A systematic diagram of the flow process using the Ace
column and (Right) A systematic diagram of the flow process using thecalimn................... 118
Figure A.4 A calibration of the peristaltic PUML-........cooiiiiiiiiii e 119

Xii



List of Tables

Table2.1 A full composition analysis of theealwastewater used.................ccooeeeiviceeiiinnnnnnnn, 8
Table2.2 Some physical and chemical specifications ofsdected adsorbents........................ 10
Table2.3 Ammonia absorption capacities of the adsorbents in two different real wastewater samples
(35 mL), showing percentages of ammonia removal and pH using 1 g of each adsorbent, with
ammonia conentrations given as N No.o......ooooiiiiiii e 19
Table2.4: Constants of the Langmuir and Freundlich isotherms of the selected adsarbents.34
Table2.5: Constants of the pseud®- and pseud@™ order kinetic equations sfynthetic/real

wastewater for selected @UBENTS...........coooiii i e e 34
Table3.1 A full composition analysis of theealwastewater used................ccooveviivieeciinninnnnnnns 38
Table3.2 Some physical and chemical properties ofUBBVATIT . ... 38
Table3.3 Fitted constants obtained for the Langmuir and Freundlich isotherms................... 54

Table3.4: Fitted constanta/ith 95% confidence rangesbtained for the Thomas aBbhartAdams

000 = PP PP 54
Table3.5: Design parameters obtained for the ThomasBuotthrtAdamsmodels........................ 54
Table4.1 Some physical and chemical specifications ofAEEB-Na.......................ooiiieeennne, 58
Table4.2 Ammonia concemation (NHsl N) usingl g of each adsorbent and neutral pH.......... 70
Table4.3 Constants of Thomas aBbhartAdamsmodels..............c.ceevvieeiiiiiicn e 71
Table4.4: Design values of both Thomas aBdhartAdamsmodels.........cccoeeevieiiiiiiiiiiccceeeeeeeee, 71
Table5.1 Lower/Upper limitsof the reactor using pesand oxycombustion systems.............. 99

Table5.2 Lower/Upper limits of the regenerator using pasid oxycombustion systems........ 99

Table5.3 Optimal values of the reactor using pastd oxycombustion systems................... 100
Table5.4 Optimal values of the regenerator using pasid oxycombustion systems............. 100
Table5.5 RGA values using a pesbmMbUSLioN SYSteM.......cccoooiiiiiiiei e 100
Table5.6: RGA values using an oxgombustion systeraf both same heat and volume.......... 101
Table A.1 Some specifications of thesorberd (resins/zeolites)...........oooevvviiiiiiiiieeeee e 120
Table A.2 Adsorption data of the selected adsorbents using synthetic waster.................... 121
Table ABC 0o NT O d -Zl.a. b B A 122
Table A.4 Adsorption data of the selected adsorbents using real waster...........cccccvvveeeeee.. 123
Table ABCONT 6 d 4l.a. b B A e eeee s 124
L= Lo (S = P00 A O O 1 e = - 125
Table B.2MAtrCES A & Bt 126



0n
on
on

0n

List of Symbols

NHb bconcentration inwastewaterat breakthrough (mg/L)
NHb bconcentration inwastewaterat equilibrium (mg/L)
NHsb bconcentration inelution solution at initial (mg/L)
NHsb bconcentration inelution solution at timet (mg/L)

Inlet NHsb bconcentration inwastewater(mg/L)

Specific heat of aik(/kg°C)

Specific heat of fresh fee@&J/kg°C)

Specific heat of fresh cataly$tJ(kg°C)

Specific heat oflue gasegkJ/kg®C)

Specific heat omixture oxygen and carbon dioxidlel/kg°C)
Specific heat of product&J/kg°C)

Specific heat of regenerated catalykifkg°C)

Specific heat ofpent catalystkJ/kg°C)

Specific heat ofteam(kJ/kg°C)

NHb bconcentration inwastewaterat saturation (mg/L)

NHb bconcentration inwastewaterat timet (mg/L)

Enthalpy of richCQ MEA exiting at the bottom of an absorbdw(kg

XV



Enthalpy of learCQ MEA entering at the top of an absorbés(kg
Enthalpy of flue gas entering at the bottom of an absorlkdrkg

Enthalpy of strippeedCQ gases exiting at thep of an absorberkd/kg
Mass flow rate of airkg/min)

Mass flow rate of feedk@/min)

Mass flow rate of fresh catalydtg/min)

Mass flow rate oflue gasegkg/min)

Mass flow rate obxygen(kg/min)

Mass flow rate of productkg/min)

Mass flow rate of regenerated cataly&g(min)
Mass flow rate of spent catalydtd/min)
Steady state gaird{mensionlesk

Apparentdesorptionrate constant (1/min)

Freundlich constant related to the adsorption capa¢itng/g).(L/mgy™)
Langmuir equilibrium constant of the free energy of adsorption (L/mg)
Volumetric mass transfer coefficie(t/min)

Rate constant imThomas model (L/mg.min)

Mass flow rate of rickKCQ MEA exiting at the absorber bottorkd/min)

Mass flow rate of leas€Q MEA entering at the absorber tofd/min)

XV



Mass of adsorbent (g)
Adsorbed Nkimass(mg)
Desorbed Nkimass(mg)

Total NH mass(mg)

Mass of cokékg)

Mass of flue gaseg)

Mass of reactor productég)
Mass of spent catalygkg)

Mass of regenerated catalygtg)

Freundlich constant of the desorption intensity (dimensionless)
Numberof samples collecteduring continuous adsorption (dimensionless
Saturation concentration in BohaAdams model (mg/L)

Volumetric flow rate ofvastewater(L/min)

Adsorption capacity at equilibrium (mg/g)

Adsorption capacity at breakthrough (mg/g)

Maximum adsorption capacity (mg/g)

Adsorption capacity at saturation (mg/g)

Separation factor of Langmuir isotherm (dimensionless)

Time(min)

XVi



Time to achieve breakthrough (min)

Time at which elution is terminated (min)

Time to achieve maximum N concentration during desorption (min)
Time to achieve saturation (min)

Temperature (K)

Air temperature(°C)

Feed temperature®C)

Flue gases temperaturéQ)
Fresh catalyst temperatur@Q)
Oxygen temperature’C)
Products temperature®C)
Reactor temperature®C)
Reference temperature’C)
Regenerator temperature’C)
Spent catalyst temperatur@q)

Steam temperature®C)

Linear velocity ofvastewater(cm/min)

Volume of adsorbatenfL orL)

XVii



Mass flow rate of flue gas entering at the absorber bott{kd'kg
Mass flow rate of strippeQ gases exiting at the absorber topJ(kg

Catalyst weight (kg)

Bed depth (cm)
Density ofwastewater(mg/cny)

Porosity of column (dimensionless)

Heat of reaction (kdhin)
Heat of combustion (kddin)

Elements of relative gain arraglifnensionles}k

XVviii



Chapter 1:

l ntroducti on

1.1 Background

In the petroleum refining industry, more than 2500 useful refined prodmatenverted from

crude oil including products from atmospheric and vacuum distillation columns such as
liquefied petroleum gas, gasoline, kerosene, aviation fuel, diesel fuel, fuel oils, lubricating oils,
and products for the petrochemical industry. Inréfenery, processes start with transporting
crude oil form storage until shipping the refined products including all petroleum treatments
and refining operationgzigure 1.1 shows the general petroleum refining processesatbat
used by many refineriesarnd the world. The importance of those processes cgraneang
refineries depending on many factors such as the refinery size and feedstoek atatur
Because of refining activities, refineries have emission containments sources whitve
negatie effects onair and water. Therefore, it is mandatory that any refinery must ha
wastewater treatment ugend air pllution control(Addingtonet al.,2011)

Due to consuming massive amounts of the water for refining operations sdishilkion

and hydretreating, wastewaters amount produced form those operatiergual to 0.41.6

of the refined petroleunCplvin, et al.,1991;Yan et al.,2014). Therefore, kirefineries must

have wastewater plants for either discharging wastewdb the environment safely under
acceptable limits or reuse in the refinery. Effluents from the various wastewater refining were
collected from different processing units and then treated in the treatment plants using
appropriate methods. Because of tfaious refinery pollutants, selecting the appropriate
methods and design of the wastewater treatment plants are very complicated since the

1



ammonialAddingtonet al, 2011)
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Figure 1.1: Processes of the general petroleum refining.
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For exampleFigure 1.2 shows ammonia percentages in each refinery process. Ammonia
percentages are 44%, 26% and 10% for distillation, fluidized catalytic cracking and catalytic
reforming respectively as well as 4% for each alkylation and crude desalting, 3% for each
visbre&ing, and hydrocracking unit and 2% feaichcoking, isomerization and hydrotreating

unit (DOE, 2003).Refinery configuration playa key role in a petroleum wastewadgsality.
Generally,a range of ammonia concentration in petroleum wastewater is53.88 mg/L

(NHsi N (Tyagiet al, 1993)

2% 2% 5,

4%

44%

10%

N Distillation

I Fuidized Catalytic Cracking
B Catalytic Reforming

[ Alkylation

[ Icrude Desalting

] Visbreaking

(I Hydocracking

] Coking

I 1somerization

[ Hydrotreating

26%

Figure 1.2: Ammonia percentages in the petroleum refining wastewptedkiced by each unit

Also, petroleum refiningperationsepresendne of the major sources of carbon dioxide £CO
emissionswith 4% of the global C@emissions whiclare equal to one billion tons of GPer
year. ThereforeCO, emissions managementeaimperativeto reduce their effects on
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atmosphereln addition,refineriesare considered as a good option for carbon capture and

storage (CCS) due to the large amount of carboxidbo especially in the FCC unithich

represerd approximately 30 40% of the total carbon emissions respectively (Stockle and

Bullen, 2008; de Mell@t al, 2009, 2013; van Straelehal, 2010; Miraccat al, 2013).

1.2 Research Outline

The objectives of this work can be summarized as follows:

1.

6.

Screening tests df6é adsorbents in ammonia removal from wastewaters of the refineries
and industries sites.

Advanced tests of best two resins and two zeolites with applying isotherms and kinetics of
the batch process.

Studying a continuous adsorptianddesorptiorof theone resin and one zeoliising two
differentsizecolumns

Implement carbon capture techniques in thegbeum refinery, especialip theFCC unit,
thatwere considered as rich GGources with study the dynamics of the two processes.
Compare the two combustion schemes for B@C unit by applying optimization
techniques for each scheme.

Study relative gain arragf two combustion schemes for tREC unit

A typical FCCunit will be taken as case studies in the simulation work using MATLAB

software for deriving dynamic models and finding results of the optimization techniques.



1.3 Thesis Structure

This thesis consists of six chapters and two appeadirganized as follows: chapter two
delivers a batch adsorption process using various adsorbents tbdimbst efficient ones.

Chaptes three and four present a continuous adsorption process in which one resin and one
zeolite were tested experimentatiyroughanalyzing their breakthrough curves to find out
model 6s parameters and desiigvestigatdseuserofethei c al | vy
photoreactor as a second process to remove the ammonia from wastewaters in a batch process.
Chapter fivestarts by abrief literature review that is related to models and optimization
techniques in petroleum refining and £&pture. Methods and techniques such as state space
analysis, and relative gain array and optimization techniques are pres&n¢edhapter

includes thensimulation results ofhe FCCunit. Chapter & providesrecommendations and

future works Finally, Appendix Agives more details iterms ofphotos, figures and tables

about the adsorption process while Appendpr&videssimulation data ofhe FCC unit.



Chapter 2:

Batch Adsorption Process

2.1 Introduction

Wastewater from industriahctivities contains heavy metals, organic substances, and
suspended liquid and solids at hazardous leVélis is harmful to environmental life and has
many potential health risks to peohdwan et al.,2010; Alwan & Mehdi, 2010)Ammonia

in wastewaterfor instancegan be toxic to species in the aquatic environment at concentrations
over about 2 mg/L, geending on pH, temperature and other factors. A#smnonia in
wastewaters can be classified into two forms: unionized ammonia) (Al an ionized
ammonium { ( ) but unionized ammonia is more toxic than ionized @=l¢y, & Simpson,
2009;EPA 2013. In many locationsthe ammonia can be biologically converted to nitrate, but

in colder climates the biological oxidation process is too slow to be used as an effective
treatment option for much of the year (Jermagkal.,2015). Therefore, in these situais

other treatment options must be considered and employed, suchksapping, breakpoint
chlorination, or capture methods based on adsorption (Gimh, 2015; Jermakkat al.,

2015). Adsorption processes have some attractive features in thesess compared to air
stripping and chlorination, being relatively simple to operate and not requiring oxidizing
chemicals Vidiastutiet al, 2011;Huanget al, 2017. One approach to ammonia adsorption

for other wastewaters has been based on zeoiiterats LeyvaRamoset al, 2010; Wang

and Peng, 2010). Zeolites are hydrated aluminosilicate minerals with a porous structure that
can accommodate a wide variety of cations such 4sNaCa&* and M@+ and that can readily

be exchanged for other cat®m a solution (Wang and Peng, 2010). Zeolites from a variety



of sources have been shown to be capable of adsorbing ammonia (in£hfoidt) from a

range of different waters and wastewat€tsdneyet al.,1999; Hedstrém, 2001; Warag al.,
2007;Vassleva and Voikova, 2009; Huargg al., 2010;Widiastutiet al, 2011; Zhanget al,
2011;Huoet al, 2019. Adsorption of cations such as ammonium can also be achieved using
ion exchange resins, which are polysased rather than natural or inorgamaterials like
zeolites Abrams and Millar, 1997 Although ion exchange resins tend to be more expensive
(Huanget al, 2017) there may be advantages in terms of capacity and selecWiiyaStuti

et al, 2011;Guptaet al.,2015). The adsorption of anonia in water by ion exchange resins

has been studied but to a much lesser extent than zeolites (etuan@017) For example,
Jorgensen and Weatherley (2003, 2006) examined the removal of ammonia using
Clinoptilolite, Dowex 50wx8, and Purolite MN50 resins from \astewaters containing
organics forfinding a synergistic effect and Malovangy al. (2014) used Purolite C104 for
ammonia removal from municipal wastewatdowever there seems to be a lack of studies on
the potential application of ion elxange resins tmdustrialwastewaters, which are typically

low in organics content but contain a variety of inorganic ions (Jermakka, 2014} thesis,

we expand on these studies Byusing a diverse range of types of adsorber@gd€sins &6
zeoltes) for removing ammonia at lower concentrations (8.22.7 mg/L) fromreal
wastewater samples to characterize their capacities and det¢hmimost effective ones, and

i) selecting the most promising adsorbents for more detailed study of theiidrahavbatch
adsorption process, including quantification of the absorbents using isotherms and kinetic
models.Since activated carbon cannot be easily regenerated and regeneration is an important

component of our industrial partner requirements; therefore it was not considered in this thesis.
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2.2 Types of Wastewaters

Two types of wastewater were used in an ammoniarptign: first was synthetic wastewater in which

0.8 L of DI water was mixed with 3 mL of 11.692 g/L MH stock solution in a onkter
plastic container to ensure that initial ammonia concentrationsi (NHapproximately 10.4
mg/L, were as similar as geiblefor the adsorbentpH was measured before and after mixing
and adjusted to approximately 7.0 by adding dropwise of 0.01 M sodium peroxide (NaOH).
Unused bulk solutions were maintained in cold storagé@td prevent ammonia degradation
due to bateria activity and then used in the laboratory at 22.%or adsorption experiments
Second was thé0-L real wastewatedelivered fromaCanadian company located in the north,
stored in a cold room and used as same as synthetic wastewater. Depenbdengronided

data from industry, Table 2.1 shows the full composition of the wastewaters.

Table 2.1: A full composition analysis of theealwastewater used.

Element Ag Al As Cd Cr Hg
Concentration (ppb)* 0.051 180.4 19.23 0.686 14.24 <0.005
Element Mn Mo Pb Se T Zn
Concentration (ppb) 181.7 2491 1.598 8.224 0.009 53.53
Element B Ba Be Bi Br Ca
Concentration (mg/L) 0.139 0.076 <0.001 <0.014 3.52 272.2
Element Cl Co Cu F Fe K
Concentration (mg/L) 451.1 0.012 0.038 <0.20 0.361 69.57
Element Li Mg Na Ni P S
Concentration (mg/L) 0.019 14.75 146.7 0.648 0.018 163.4
Element Sb Si Sn SS Te Ti
Concentration (mg/L) <0.003 4.941 <0.005 6.8 <0.028 <0.005
Element \Y, Zr

Concentration (mg/L) <0.004 <0.003

Component NH3s NO2 NOs POy SQu pH=8.3
Concentration (mg/L) 22.6 12.1667 132.2 <2.00 499.5

* ppb: part per billion.



2.3 Adsorbents

A variety of ion exchange resins and zeolites were assessed for their ability to remove ammonia
from the wastewater as follows gure A.1,Table 22 and Table A.lwhich provided from
manuf act urresinsae pglwmerd deads made of polystyreresslinked with
divinylbenzene and have fast kinetics and high ammonia removal efficistatguvanyy et

al., 2014;Sicaet al, 2014) The resins that used in this research were sulfonic acid functional
group into two forms as follows: the Norm catianic exchange resins Diaion PK216, Diaion
PK228, SK1B, Tulsion #2 Na, and Tulsion-b2 Na BC are all strong acid cation exchange
resins. The Hform cationic exchange resins are Dowex 50Wx81860 Mesh, Lanxess
LEWATIT MonoPlus S108H, Purolite Hypers®acronet MN500, Purolite C100H are
strongacid catiorexchange resins. One weakid catiorexchange resin, Purolite C104 Plus,

was tested. Zeolites are crystalline mpwous aluminium silicated/pccianteet al, 2018)

and could be classified into manypgs such as Clinoptilolite (Ca and Na forms), Chabazite
and Mordenite \(Veatherley & Miladinovic, 2004t angwaldt, 2008 The zeolites employed

were NM-Ca (Cliniptilolite, Ca form), NW¥Na (Cliniptilolite, Na form), AZLBNa (Chabazite,

Na form), N\:Na *TM Ammonia Specific (Cliniptilolite, Na form) and AZL.Ba (Chabazite,

Ca form). All the zeolites were washed, filtered and esdeed before use. The type and
modification of the resins/zeolites, pH, and temperature are essential factors that effect on their
cgpacity for removal ammonia from wastewaténgd & Hayashi, 2009;eyva-Ramoset al,

2010; Linet al, 2013. For strong acid resins, the selectivity of f@rm is more than that of

H* one as followsFe®* . A| Pb 26r €a €0 Nji €u Zn Ky

Mn** Ag CTs €d "R NH Na*H 'Li H# @lchin, 1999.



For chabazite zeolite§,"

(Langwaldt, 2008or K* . (

For clinoptilolite zeolitesCs"

Li* (Ames, 1960

"KAg", Rb", .

(. PE"

Na' = B&*

Na NdlLahav & Green,1998).

Rb K. (

. B&",

5 r

5 r

Cali?

€ aFer AI** Mg? .

Table 2.2: Some physical and chemical specifications ofsislected adsorbents.

Adsorbent Capacity Surface Area| Particle size| Density | Operating pH | Temperature
m?/g mm g/mL °C
Dowex 50Wx8 1.7 Meq/L - 0.1-0.2 0.80 o 17 1 100
Purolite MN500 0.8 eqg/L - 0.31.2 1.19 o 17 1 120
Purolite C104Plus 3.8 eq/L - 0.31.6 1.18 o 17 1 120
PuroliteC100H 2.0 eq/lL - 0.31.6 1.20 o 1 1 140
Zeolite NM-Ca 0.81.2 Meq/g 15 - 1.60 3 1 1 650
Zeolite NV-Na 1.85 Meq/g 40 - 1.60 3 1 1 650
Zeolite AZLB-Na 2.5 Meq/g 520 - 1.73 3 17 1 650
Zeolite NV-Na *TM 1.85 Medq/g 40 - 1.60 3 17 1 650
Zeolite AZLB-Ca 2.5 Meg/g 460 - 1.73 3 1 1 650
DIAION PK228 2.1 Meqg/g - 0.74 1.32 0o 1 1 120
DIAION SK1B 2.0 Meqg/g - 0.75 1.28 0o 1 1 120
DIAION PK216 1.75 Meq/g - 0.72 1.26 0 1 1 120
Tulsion T-42 2.0 eqg/L - 0.31.2 0.87 0 1 1 140
Tulsion T-52 1.90eq/L - 0.31.2 0.86 0o 1 1 120
LEWATIT 2.2 eq/lL - 0.62 1.26 0o 1 1 120
KMI Zeolite 1.6-20 meg/g 40 - 1.89 3 1 1 700

*Meq: milliequivalents.

2.4 Adsorbent Analysis

For the adsorption experiments syntheti¢real wastewater analysis was conducted using a
UV-visible spectrophotometer (HP8452A diode array), pH meter (JENCO Electronics LTD,

Model 1671)as shown in Figure A,2and highrange Hach kits for ammonia (Ammonia HR
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TNT, Hach Company/Hach Lange GmbH, USA). The pH meter was used to measure the pH
of the wastewater before and after addition of the adsorbents. The Hach kits were used to
colorimetrically determine the ammonia concentration as nitrogédsi( N using the
manufacturer 6s por theckitsdas fokowsp Al ®-inli ssrhpée cconthining
ammonia was combined in the test vials with a hypochlorite solution to form-gfdaamine

and then a salicylate reagent was added to feamibosalicylate, which is yellow, and then

a sodium nitroprusside agent to form a bbadéoured complex. The blu®lour is masked by

the yellow coloured aminosalicylate, which is in excess, and the resulting colour is green.
After 20 min, the absorbance is ready to be measured dpeetrophotometeat 655 nm
wavelength and quantified using a y3&t instrument pragm method (343 N, Ammonia HR

TNT). The accuracy of using Hach kits under these conditions is about £5%.

2.5 Experimental Work

Two sets of batch adsorption experiments were conducted: screening and advanced tests.

2.5.1 Screening Tests

For initial screening testsf @mmonia adsorption performance, simple vial tests of the ion
exchange adsorbents were performed using the following procedure: 35 mL afathe
wastewater were added into 40 mL amber vials. A 0.1 mL sample of the solution was collected
and analyzed foNHs1 N bef ore any adsorbent was added.
was added to theealwastewater in each of the vials and the contents were left to stand for 7

hours while being shaken multiple times by hand before a final sample was collected and
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analyzed NHi N. The per ¢emdva gas catcdlatedfdr each adsorbent as

follows:

PO — pmm (2.1)

whered; anddare cacentrations (NI N) (mg/L) at the initial and time, respectivelyThe
results in mg NB/g adsorbent were compiled to determine the most efficient adsorbent before
proceeding onto more detailed studies of the selected adsorbents. Also, pH for edi@nadso

was recorded before and after the screening test.

2.5.2 Advanced Tests

Based on the preliminary results of the ammonia adsorption from initial testing for the 16
adsorbents, more detailed timed studies were conducted on the best 6 selected adsorbents to
compare their efficiencies at equilibrium. For these more detailed tests, each of the 6 adsorbents
was tested in deionized (DI) water with th@mplewater tests. To ensure that the starting
concentrations for the adsorbents were as sim#apossibleFor preparation of DI water

spiked with NHCI (syntheticwastewater)the procedure was as follows: 800 mL of DI water

was collected in a oAl@er plastic container and pH was measured. Then 3 mL of an 11.692

g/L stock solution of NECI solution was added,ehsolution was mixed, and the pH measured.

The pH was adjusted to approximately 7.0 by dropwise addition of 0.01 M NaOH. A 0.1 mL
sample was collected for analysisof NHN  usi ng t he Hach kit. Unus
in cold storage and brought to rodemperature (22.&) for each use. For the adsorption
process, the procedure was as follows: an empty 125 mL plastic container was weighed, 120

mL of the syntheticwastewatemwas added,and the container was weighed again with the
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difference recorded asdhvolume of water. Last, the adsorbent (1.5 g) was added to the 120

mL of the syntheticwastewatg the container was capped, and the mixture was vigorously
shaken by hand initially and then several times throughout the experiment. Water samples were
collected, and the corresponding pH measured immediately (usually within 5 seconds of
addition of the adsorbent) and then after 5, 10, 20, 30, 60, 120, and 180 min of exposure to the
adsorbent. One mL from the solution was removed using a syringe and thred fitlt®ugh a

0.45 um syringe filter into a test tube. A 0.1 mL aliquot was collected from the test tube and
testedforNHIF N content using the Haembvallwastalculatede per
for each adsorbent usirfgguation2.1. The same procedumabove was used for the tests
involving realwastewater in which 3 g of the selected adsorbents contactetivastewater

having an initial concentration of 22.7 mg/L AHN .

2.6 Isotherms

The adsorption equilibrium was assessed using LangmuiFerdhdlich isotherms, which

have been used in different adsorption processes by many reseaMideast(tiet al.,2011;

Huo et al., 2012 Sadaf & Bhatti, 2014Wanget al., 2014 Largitte & Pasquier, 20)6at
different adsorbent masses (1, 2 and 3 g} mitial ammonia concentrations in theal
wastewater (3.8, 8 and 22.7 mg/L). The solution temperature was maintained at the lab room
temperature (22.5°C). The adsorption capacity of ammonia at equilibrium can be defined as

follows:

n ———- (2.2)
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where0qis the ammonia concentration (mg/L) (as nitrogen, i.e.sINH of wastewates at
equilibrium,a is the mass of the adrbent (g), andis the volume of the adsorbate (L). The

most common isotherms were used to describe an isotherm of the ammonia adsorption using
adsorbents (resins/zeolites). Those models are as follow: the Langmuir isotherm is (Langmuir,

1918):

n —— (2.3)

can be rewritten in the following linearized form

_ 5 (2.4)

wheren, . s the experimental maximum adsorption capacity at time (mg/giGisl the

Langmuir constant of the free energy of adsorption (L/mg). If gdsor follows Langmuir

behavior, a plot of’e g versusOq should be linear with a slop%r'] and intercept

P BQ from whichn, ., and’@ can be determined.

The essential characteristics of the Langmuir isotherm can be explairiecmis of the

dimensionless equilibrium parameteEguation2.5:
Y — (2.5)

where'y; is the separation factor of the Langmuir isotherm (dimensionless).

TheY; value denotes the adsorption type as fo#tomreversible (Y; = 0), linear (Y; = 1),

favorable (0 <Y; < 1) and unfavorabléY; > 1) (Weber & Chakravorti, 1974)
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The Freindlich isotherm is given by the relationship below (Freundlich, 1906):

g Q% (2.6)
or the linearized version is:

afy a -ad (2.7)

where'Q,is the Freundlich constant of the adsorption capacity ((mg/g).(Efing) is the
Freundlich constant of the adsorption intensity (dimensionless). A plat & vs. & &

should yield a straight line with interceptéQ and slopé .

2.7 Kinetics

The adsorption kinetics for two batch experiments were charactéoizbdth pseudds and
pseude2" order behavior: the first was conducted at an initial concentration of 10.4 mg/L and
1.5 g adsorbent in 120 nslynthetiovastewaterwhile the second was at an initial concentration

of 22.7 mg/L and 3 g adsorbent in 120 real wastewater. The solution temperature was

maintained at the lab room temperature (22.5°C). The adsorption capadityg/g) of

ammonia at tim® can be calculated as follows:
n —— (2.8)

where 6; and 6, are the ammonia concentrations (mg/L) (as nitrogen, i.esl NHof
wastewatesat 0 1Tand some later tim@ respectivelyd is the mass of the adsorbent (g)

and w is the volume of the adsorbate (L). The pselid@and pseud@" order kinetic
15



equations are useful for characterizing the rate of ammonia adsorption onto the adsorbents

(resins or zeolites) aslfows:

A pseudéfirst-order kinetic equation was derived by (Lagergren, 1898), i.e.,

~

_— R N (2.9)
Integration ofEquation2.9 and substitution of the initial conditigg 1 ato  myields:

Mo NoP QwNRQO (2.10)
which can be rarranged in linearized form to be

asm N a Qo (2.11)
where Tg is the rate constant of the psetfifsorder kinetic model (mid), Ng is the
experimental adsorption capacity (mgt equilibrium, ., is the theoretical adsorption

capacity (mg/g) and is time (min). If pseuddsorder behavior is followed, a plot of

a & N vs.oshould yield a straight line with slopeQ and intercepér § 8

A pseude2™ order kinetic equatiorHo & McKay, 1999 is as follows:

= Rig 1, (2.12)
can be integrated using an initial conditign 1 ato to yield:

n ———- (2.13)

which can be ravritten in linearized form as:
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- ) (2.14)

whereTQ is the rate constant of the pset@i8-order kinetic model (g/mg.min). If the system

obeys pseud@"? order kinetics, a plot of0 A VS- 0 should yield a straight line with slope

P .. .. andintercepP r']lQ,@from whichr'].Q.@andTQ can be determined.

QMg

2.8 Regression

Rootmeansquare error (RMSE) was used as a minimization criterion to fit the data obtained
from experiments to thosétained from isotherms and kinetics models for each absorbent. A

definition of the RMSE is as follows:

YOYO —B A 5 A & (2.15)

where N is the number of the experiment samplesiandg, andr) | are the experimental

and model values at each sanifile

2.9 Results and Discussion

2.9.1 Screening Tests
For the purposes of narrowing down the field of potential ammonia absorketégn

candidates @ ion exchange resins ar@dzeolites) were tested with threal wastewater, as

shown in Table 3. Screening tests were done using adsorbents of the first group in 8 mg/L
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(NHsi N) real wastewat er. Then aef wag doneousily mo n't
adsorbents of the second group in 3.8 mg/L{NMN ) r e all wastewat er . Th
concentration declined due to biodegradation (bacteria activity) in the wastewater sample, so

the decision was made to select the best resin andezé&olih the first group (Dowex and
AZLB-Na) and the second one (LEWATIT and NN&) with the addition of two more resins

(DIAION PK216 and SK1B) suggested by an industrial sponsor. The results from the first
group of the adsorbents indicated that Dowex andN¥ were the most effective resins and

zeolites, respectively, at removing the ammonia from the real water (63%, and 23% adsorption
within 5 sec respectively and 95%, and 65% adsorption within 7 hours respectively).
Furthermore, the first group of adsonbewere reested at a lower temperature by placing the
materials in a refrigerator prior and during use. Also, the results indicated that the effect of
temperature was not significantly detrimental to ammonia adsorption in this wastewater.
According to he capacities and percentage of ammonia removal of each adsorbent, these
preliminary results were sufficient to select a few of the best adsorbents to conduct more
extensive tests, namely the ion exchange resins Dowex 50Wx8 and Puralite C100H, and
AZLB-Na as an example of the best zeolite material. Also, Purolite C104Plus showed low
ammonia removal efficiencyalovanyyet al, 2014) The results from using a second group

of the adsorbents indicated that LEWATIT and AZNR appeared to be the most effective

resins and zeolites respectively (15%, and 34% adsorption within 5 sec respectively and 65%,

and 65% adsorption within 7 hours respectively).
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Table 2.3: Ammonia absorption capacities of the adsorbents indifferent real wastewater sampl&s (L),

showing percentages of ammonia removal and pH using 1 g of each adsorbent, with ammonia concentrations

givenasNHai N

Adsorbent (mg NH/g) | (mg NH/g) | (%) removal | (%) removal pH
at 5 sec at7 hr at 5 sec at 7 hr at7 hr
First group: Initial NHT N ( mg / L) - Initial 8H =r5.46 at.22.5C
Dowex 50Wx8 0.175 0.266 62.5 95.0 1.84
Purolite MN500 0.059 0.175 21.2 62.5 1.91
Purolite C104Plus 0.003 * 1.20 * 2.80
Purolite C100H 0.059 0.252 21.2 90.0 1.83
Zeolite NM-Ca 0.031 0.105 11.2 375 5.21
Zeolite NV-Na 0.066 0.168 23.7 60.0 6.71
Second group: Initial Nl N ( mg/ L) - hitiaBpH& 5.12@t/22.5C
Zeolite AZLB-Na 0.045 0.087 34.20 65.78 6.32
Zeolite NV-Na *TM 0.017 0.021 13.15 15.78 10.26
Zeolite AZLB-Ca 0.031 0.066 23.68 50.00 7.40
DIAION PK228 0.028 0.070 21.05 52.63 5.67
DIAION SK1B 0.035 0.070 26.31 52.63 4.70
DIAION PK216 0.038 0.059 28.94 44.73 4.35
Tulsion T-42 NaN-B1-TX 0.038 0.056 28.94 42.10 5.25
Tulsion T-52 NaBCN-B1-TX 0.014 0.098 10.50 73.68 3.87
LEWATIT monoPlus S 108 H 0.021 0.087 15.70 65.78 4.18
KMI Zeolite 0.031 0.042 23.68 31.75 6.94
First group: Initial NHT N ( mg / L) - Initial gH =r5.g atZ.PC
Dowex 50Wx8 0.227 0.269 81.25 96.25 1.99
Purolite MN500 0.154 0.203 55.00 72.50 211
Purolite C104Plus 0.143 0.042 51.25 15.00 2.85
Purolite C100H 0.143 0.241 51.25 86.25 2.05
Zeolite NM-Ca 0.112 0.161 40.00 57.50 6.06
Zeolite NV-Na 0.122 0.171 43.75 61.25 6.71

*Concentration of ammonia as N in tRarolite C104Plus test sample increased after 7 hr.
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2.9.2 Advanced Tests
A more detailedstudy of the six selecteatisorbers (Dowex, LEWATIT, AZLB-Na zeolite,

NV-NA, DIAION PK216 and DIAION SK1B was conducted over a thrbeur period with
samples collected asame as in the illustrated procedure. As showRigures2.1-2.3, the
starting concentration was also plotted as mg/g to keep the plots on a reasonable scale for
comparison although nadsorbentvas present for the time zero sample. Dowex 50Wx8 50
100 ad LEWATIT Monoplus S 108 H resins exhibited the fastest responses by removing 99.4
and 96.2% of the ammonia frosgntheticwastewaterrespectively, within 5 minutes. By 10
minutes, 100% of the ammonia has been removed by both the Dowex and LEWATIT resins.
By contrastAZLB-Na zeolite, NVVNA zeolite, DIAION PK216 and DIAION SK1B removed

only 88.7, 63.0, 56.1, and 55.1 % ammonia, respectively, within the sanweufe period.
NV-NA zeolite and PK216 required ~180 minutes for 100 % adsorption, while A¥4B
zeolite and SK1B only attained only 98.1 and 97.5 % adsorption, respectively, by 180 minutes.
Ammonia removal of the AZLBNa and NVNA zeolites decrease with contact time even
though those have the fast removal at initial because of decreasing concegtaatient and
adsorption sitesKaradag,et al, 2008; Huanget al, 2017).The effect of the iorexchange

resins on the solution pH was markedly different from that of the zeolite.

After being in contact with Dowex and LEWATIT for 10 and 5 minutes,aeyely, the pH

of the test solutions decreased from an initial value of 7.0 to 2.95 and 3.17, respectively. The
pH increased from 7.0 to final stable values of 8.26 in the case of AELBnd 7.96 for NV

Na by the end of 60 minutes, whereas it decreas®&d06 for the SK1B. PK216 reached pH

stability at 120 minutes decreasing from 7.00 to a final pH of @.Bd.reason is related to
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compositions of the both resins and zeolites sintcis keleased by the ion exchange reaction,
whereas adsorption by zdéelidoes notThese same experiments were conducted usigdhe

water at initial ammonia concentration 22.7 mdiHsi Nusing 3 g of each adsorbents.

As shown in Figres2.4-2.6, the same procedure of the advanced tests was used to adsorb
ammonia fronrealwastewater at 22.7 mg/L using 1.5 g of the-N® and DIAION PK216.
Comparing with the results Figures2.1& 2.2, the results showed that 1.5 g of the mentioned
adsorbents was not sufficient to adsorb all ammonia present by the end of 180 minutes due to
its concentration in theealwater. Also, presence of the cations {C&d*, K*, Na", Mg?*,

and Zrt*) and canponents.( / ,0 / and3 / )inrealwastewater reduce ammonia removal
percentage of the adsorbentganget al, 2006;Marafdnet al, 2006) while those mentioned

substances are not existsynthetic wastewater

As can be observed fhigures2.7-2.9, the Dowex 50WX8 5200 and LEWATIT S 108 H
Monoplus resins once again most readily adsorbed ammonia with 94.9 and 89.4 % removal
within 5minutes compared to 85.3, 84.9, 83.6, and 78.0 for DIAION SK1B, ARBEeolite,
DIAION PK216 and NVNA zeolite, respectively. None of the resins or zeolites adsorbed
100% of the ammonia by 180 minutes presumably due to an insufficient apesent
although competition due to adsorption of other species inwhstewatercould also
contribute. The maximum adsorption levels of 94.9, 95.9, 96.0, 95.0, 91.3, and 90.9% were
reached within 5, 30, 120, 180, 30 and 120 min for Dowex, LEWATIT, ARlB NV-Na,

PK216, and SK1B, respectively. After contact with Dowex for 5 minutes and LEWATIT for
20 minutes, the pH of the solutions decreased from an initial value of 7.68 to 1.97 and 1.99,

respectively. The pH increased from an initial value of 7.85 to a stable 02163 by 30
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minutes in the case of AZL-Bla and to 7.98 by 120 minutes in the case ofW&/ The pH

after contact with PK216 and SK1B was still increasing by the end of thenitQe
experiment and had reached 7.21 and 7.15, respectively, afteryirdéaileasing to lows of

6.6 and 6.69 after 5 minutes from a starting pH of 7.68. The results demonstrate that the
ammonia adsorption capacity was most efficient in the case of the Dowex and LEWATIT
resins, least efficient for the two DIAION resins andiintediate for the zeolites. In all cases,
theadsorberd reached equilibrium with threalwastewater before all ammonia was absorbed
unlike the situation with the spiked DI water. In addition to inadecaddéerbentnass, other

species in theealwater calld have adsorbed more easily to the DIAION resins.

2.9.3 Kinetics and Isotherms

Based on the results of the advanced tests, the kinetics and isotherms for adsorption of
ammonia onto the various adsorbents in sgtitheticandrealwastewater were quantitatiyel
analyzedFigure2.10 showed the plots according to the Langmuir and Freundlich isotherms
different adsorbent masses (1, 2 and 3 g) and initial ammonia concentrationsréalthe
wastewater (3.8, 8 and 22.7 mg/O)he isotherm constants calculated from the slopes and
intercepts according tBquatiors 2.4& 2.7 are listed in Table£2.The'Y values for ammonia
adsorption using the four different adsorbents in this study all fell in the rangie ba@d n
valuesare larger than 1.0, therefore; the process was a favorable adsorption using all selected
adsorbentsAlso, the results showed that the Dowex resin was best characterized by the
Langmuir isotherm which is the same resultJofgensen and Weatherley (2008hile
LEWATIT, AZLB -Na and N\/Na zeolite were by Freundlich orfégures2.11& 2.12 show

plots according to the pseudd and 2%order kinetics using 1.5 and 3 g of the adsorbent in
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syntheticandreal wastewater, respectively. The kinetic parameters obtained from the slopes
and intercepts based &guatiors2.11& 2.14 are presented in Tabl®&2A comparison of the

fits for the two different rate laws clearly shows that adsorption of ammonia oattsatbents

in both solutions follows pseud?’® order very well and much better than it does pseiitio

order, as quantified by the RMSE values. Those results were agreed by other researchers using
zeolites and resins in ammonia adsorptidashiret al.,2010;Widiastutiet al, 2011; Zhang

et al, 2011; Hucet al, 2012; Guayat al, 2015.
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Figure 2.1: Adsorption capacities igynthetic wastewatersingl1.5g of each adsorbent
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Table 2.4: Constants of the Langmuir and Freundlich isotherms of the selected adsorbents.

Langmuir Freundlich
Adsorbent n Q RMSE | Y 3 Q RMSE
mg/g L/mg mg/g ((mglg).(L/mg)'n mg/g
Dowex 1.815 0.283 0.217 | 0.134 | 2.873 0.512 0.306
AZLB-Na 1.201 0.794 0.180 | 0.052 | 2.657 0.452 0.134
LEWATIT 1.774 0.284 0.272 | 0.134 | 2.378 0.465 0.227
NV-Na 1.137 0.726 0.218 | 0.056 | 3.530 0.505 0.137

Table 2.5: Constants of the pseuds- and pseud@™ order kinetic equations afynthetic/realwastewater for

selected adsorbents.

Pseudsdfirst order equation Pseudesecond order equation

Adsorbent n n Q RMSE N Q RMSE
mg/g mg/g 1/min mg/g mg/g g/mg.min mg/g

Syntheticwastewateusing 1.5 g of the adsorbent at initial concentration 10.4 mg/t NW.

Dowex 0.832 0.645 0.879 0.214 0.832 32.32 0.133
AZLB-Na 0.808 0.933 0.068 0.202 0.812 1.299 0.014
LEWATIT 0.832 0.731 0.545 0.221 0.832 9.585 0.086
NV-Na 0.832 0.435 0.068 0.352 0.845 0.495 0.092

Realwastewater using 3 g of the adsorbent at initial concentration 22.7 mgiL NH

Dowex 0.772 0.404 1.052 0.308 0.772 114.49 0.003
AZLB-Na 0.800 0.049 0.951 0.166 0.817 0.355 0.008
LEWATIT 0.728 0.659 0.381 0.147 0.730 3.365 0.070
NV-Na 0.772 0.477 0.026 0.291 0.807 0.135 0.014
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2.10 Conclusions

The following conclusions can be drawn about the use of these adsorbents to remove ammonia

from synthetic/realvastewates:

1. The ion exchange resadsorberg had a range of adsorption efficiencies but at least two
of acidic resins, Dowex and Purolite C100H were very effective undewaseewater
conditions, at 95 and 90% adsorption efficiency, respectively.

2. The adsorption kinetics were very fast for thalaciesins (approximately 10 minutes) and
relatively slower (120 to 180 min) for the neutral or basic zeolites.

3. According to the RMSE values of the isotherms and kinetics, the adsorption process of
Dowex follows the Langmuir isotherm, based on monola@sorption. However the
AZLB-Na, LEWATIT and N\ Na followed the Freundlich isotherm, based on multilayer
adsorption. Regarding the kinetics, all selected adsorbents could be characterized using the
pseude2nd order kinetic equation.

4. For target concentratns of 1 mg/L ammonia or less, the studied adsorbents have an

equilibrium capacity on the order of approximately 0.2 to 0.4 mg/g.
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Chapter 3:
Continuous Adsorption Using LEW

3.1 Introduction

Wastewater fromindustrial discharges contains heavy metals, organic tanbss, and
suspended liquid and solids at unacceptable levels causing many environmental and potential
-health risks to the public life (Alwaet al, 2010; Alwan & Mehdi, 2010). The increasing
ammonia level iwastewate(see Table3.1) resulting fromindustrial activities has become a
critical issue due to harmful effects such as the higher toxicity of the aquatic environment and
more extensive corrosion of sepecially ammonia is a main source of the nitrate and nitrate
(Batley, & Simpson, 200EPA 2013. lon exchange and adsorption have become two options

for the treatment of this type of wastewateoqd & Hameed2009;Bashiret al, 2010) Such

an approach has many advantages such as high treatment loading and removal efficiency, fast
kinetics and low cost YVidiastutiet al, 2011;Guptaet al, 2015 Huanget al, 2017. Many

other techniques have been used in the past for ammonia removal, e.g., air stripping,
biodegradation, catalytic oxidation, cationic4exchange and membrane separation. For this,

we have chosebatchand continuous (in a fixeded column) adsorptionsing aLEWATIT

resin to remove ammonia fronreal water because it is easy to maintain and operate,
inexpensive relative to air stripping and appropriate for a cold environment unlike
biodegradation. Breakthrough studies of different adsorption procemssedben conducted

by many researchers, e.qickel adsorptin using bentonite clay (Vieirat al., 2009),
biosorption of cadmium and copper using wheat stiuh@madet al.,2010), salicylic acid

and carbamazepine removal from aqueous solution sgimbetic zeolitesGabreralLafaurie
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et al.,2014), cadmium, copper, lead and zinc from synthetic wastewater using a biosorbent
combining of maple leaves, mandarin peel, and tea wabtdo(ali et al.,2017), amoxicillin

from water using activated carbote( Franccet al.,2017) andevulinic acid from aqueous
solution (Linet al.,2017)using S¥01 resin In this research, we investigated the novel use of

a LEWATIT resin to remove 22.7 mgMHsi Nfrom realwater In particular, the Langmuir

and Freundlichmodels were fit to equilibrium data obtained from batch experiments to obtain
parameters used to predict breakthrough curve and compare with the predictions of a fixed

bed column obtained using tBehart & Adams and Thomas models

3.2 Real Wastewater and LEWATIT Resin

A realof 40-L wastewater was delivered from a Canadian company located in the north, stored
in a cold room at 4C to prevent ammonia degradation due to bacteria activity and then used
in the laboratory at 22.%C for adsorption experiment®epending on the provided data from
industry, Table3.1 shows the full composition of the wastewaters. As in Table 3.2, LEWATIT
Lanxess Monoplus S108 H used in this study is strongly acidic resin based on a styrene
divinylbenzene copolymer matrix and aniglly in the H form (Huanget al, 2014.
Commercially, it consists of an organic polymer crlisised backbone with different
functional groups such as sulfonic acids, quaternary amino groups, carboxylic acid groups, or
primary, secondary, and tertiaaynino groups. Also, it can be modified to exchange cations or

anions in water based on the applica(iplalovanyyet al, 2014; Sicaet al, 2014)
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Table 3.1: A full composition analysis of theealwastewater used.

Element Ag Al As Cd Cr Hg
Concentration (ppb)* 0.051 180.4 19.23 0.686 14.24 <0.005
Element Mn Mo Pb Se T Zn
Concentration (ppb) 181.7 24.91 1.598 8.224 0.009 53.53
Element B Ba Be Bi Br Ca
Concentration (mg/L) 0.139 0.076 <0.001 <0.014 3.52 272.2
Element Cl Co Cu F Fe K
Concentration (mg/L) 451.1 0.012 0.038 <0.20 0.361 69.57
Element Li Mg Na Ni P S
Concentration (mg/L) 0.019 14.75 146.7 0.648 0.018 163.4
Element Sb Si Sn SS Te Ti
Concentration (mg/L) <0.003 4.941 <0.005 6.8 <0.028 <0.005
Element \Y Zr

Concentration (mg/L) <0.004 <0.003

Component NH3 NO; NOs POy SOy pH=28.3
Concentration (mg/L) 22.6 12.1667 132.2 <2.00 499.5

* ppb: part per billion.

Table 3.2: Somephysical and chemical propertiesthe LEWATIT .

Mean bead size 0.6 £ 0.05 mm Operating pH O 1 14
Density 1.26 g/mL Operating Temperature | Max. 120°C
Total capacity 2.2 eqL Regenerant HCI, HSQu, NaCl

3.3 Adsorption Analysis

For the adsorption experiments al wastewater, analysis was conducted using-hagige
Hach kits for ammonia (Ammonia HR TNT, Hach Company/Hach Lange GmbH, USA) to mix
with ammonia samples using the manufacturer ¢

(JENCO Electronics LTD, Moddl671) to measure the pH of thestewater before and after
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addingLEWATIT, and an UWis spectrophotometer (HP8452A diode array) to determine the
ammonia concentration as nitrogé&Hsi N . The manuf ac taufollems:®As pr oc
0.1- mL sample contaimg ammonia was combined in the test vials with a hypochlorite
solution to form moneahloramine and then a salicylate reagent was added to ferm 5
aminosalicylate, which is yellow, and then a sodium nitroprusside agent to form-a blue
coloured complex. The ik colour is masked by the yellow colouredrBinosalicylate, which

is in excess, and the resulting colour is green. After 20 min, the absorbance is ready to be
measured by a&pectrophotometeat 655 nm wavelength and quantified using a-gate

instrumentrogram method (343 N, Ammonia HR TNT).

3.4 Isotherms

The adsorption equilibrium was assessed using LangamgiFFreundlich isotherms, which

have been applied previously by numerous researchers. A series of experiments was conducted
using different adsorbent masses (052, 3, 6 and 9 g) in 0.12 L wastewa#gran initial
ammonia concentration of 22.7 mgMNHsi N The adsorption capacity of ammonia at

equilibrium can be defined as follows:

n — (3.1)

where 6; anddqare the NHI N concentrations ai  1tand equilibrium, respectively is
the mass of the adsorbent (g) addis volume of the adsorbate (LYhe equation for the

Langmuir isotherm is (Langmuir, 1918):
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n — 3.2)

wherer), . s the maximum adsorption capacity (mg/g) &ds the Langmuir equilibrium

constant of the free energy of adstozn (L/mg). If adsorption follows Langmuir behavior, the
essential characteristics of the Langmuir isotherm can be explained in terms of the

dimensionless equilibrium parametér.
Y — (3.3)

The dimensionless separation fact¥ value denotes the adsorption type as follow:
irreversible {Y; = 0), linear {Y; = 1), favorable (0 <¥; < 1) and unfavorabléeY; > 1) (Weber

& Chakravorti, 1974)

The Freundlichsothermis given by the relationship as followsréundlich, 1906):

, T o P g

r]'Q g%p'Qg (34)

where '@, is the Freundlich constant for adsorptigfmg/g).(L/mg}’™) and ¢ is the

dimensionless Freundlich constant.

3.5 Relationship Between Isotherms and Breakthrough Curve

Based on constants obtained from Langmuir and Freundlich isotherms, breakthrough curves

can be predicted using the following expressions derivedhgyn and Chien (2002):

Langmuir:o 6g —— 1 £06j6 I

-+

(3.5)
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Freundlich: 0 04 Q6j6 forojo ®) (3.6)

~ 8] P

0 04 e —08j8 forsjs ™ (3.7)

whered is the NHsT N concentration (mg/L) invastewateat timeo, ‘Q@is thevolumetric
mass transfer coefficier{l/min), ¢ g is the time wherd j6 1@, ” is the density of the

wastewatefmg/cnt) and- is the porosity of the column.

By finding avolumetric mass transfer coefficient Bguation3.8 (Chern & Chien, 2002;
Kananpanalet al.,2009), t will be easy to predict a breakthrough curve in a fiked column
usingEquation3.5 for Langmuir isothermand Equatiors 3.6 (whend j 0 is between €.5)

& 3.7(whend j 0 is between 0.81) for Freundlich isothermwith ascending and descending

intervals of6 j 6 respectively

J 85i6  6j6 | (3.8)

3.6 Fixed-Bed Column

Two differentsized columns were used for the continuous adsorption experiments. The small
column shown irFigure A.3 (right) was made from a piece of glass tubing-ifif inner
diameterx330nm | engt h) sealed at one end with a
experiments was conducted by passiragtewatethrough this column loaded with different
masses of LEWTIT resin (3, 6, and 9 g) until ammonia breakthrough curve was observed.
Once the appropriate amount of LEWATIT was added into the column, the bkiatfixed

bed was measured. Real wastewat®s then introduced into the top of the column and a timer
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was immediately started. Samples of thastewatein the discharge from the column were
collected and theNHsi Nconcentration measured using a Hach kit. This procedure was
repeated before and after observing the breakthrough curve. The total volunasteyfater

passed through the column were 0.3, 0.6 and 0.96 L for a 3;06LBWATIT resin
respectively. The large columAd¢e chromatography column) was made of an##s inner
diameterx 600-mm long piece of glass tubing with taped threaded glass end$iraadied

teflon endcaps, as shownkigureA.3( | eft ). Appropriate plastic
was connected to an adjustahleaded peristaltic pump (Stunner pumps) with duct tape to pass
wastewater into the column at operating range of 0-@05751 L/minas shown in Figure A.

The column cotained a mass of 131.4 g LEWATI@ get to a sufficient height in the column

while thewastewatewas delivered at rate of 0.0385 L/min through the coluntii ammonia
breakthrough curve was observddhe experiments in the large column were conducsed a
follows: the desirabld EWATIT mass was weighed and then added into the column with
measuring the bed depth to be used in the Beékdatns model. A peristaltic pump was
connected to the column top with the appropriate tubing as mentioned above aedteap
adjusted to be ~ 0.0385 L/min. DI water was first passed into the column to remove any
LEWATIT attached to the column wall, ensure the whole mass filled the column and the height
of the water to be 2 cm above tHEWATIT resin before introducingastewater The bottom

valve was adjusted so that the column discharged solution at the same rate as it was introduced
into the top of the column. A-IL beaker was located under the bottom valve to collect the

samples until breakthrough wesached.
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3.7 Breakthrough Curve Analysis

3.7.1 Models

The BoharAdams and Thomas models were used to describe the behavior of continuous
ammonia adsorption in a fixdeed column using LEWATIT for comparison with our
experimental data (Bohart and Adams, 1920; Thomas, 1944). Aegacdthe BoharAdams
model, theNHsi Nconcentration in the discharge from the column is given by the following

expression:

_ (3.9)

atg— p —— QOO (3.10)
where’Q is the BoharfAdams rate constant (L/mgin), U is the saturation concentration
(mg/L), T is the linear velocity ofvastewatefcm/min) andbis the bed depth (cm). Based on
Equatior3.10, aplotott é&— p versushould be linear an® andd can be determined
by applyingi . 8(;] '%nd R 'Qiiééngrespectively. The corresponding relations

based on the Thomas models are:

— (3.11)

de— p — QB0 (3.12)
whereQ is the Thomas rate constant (L/mg.mif), is the maximum concentration (mg/g)
and0 is the volumetric flow rate ofvastewate(L/min). Based orEquation3.12, this model
also predicts that a plot af E— p versusoshould be linear and that the model parameters
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Q andn can bedetermined from @ aér] %d Qe 0 Q'U(*)Téz r]é((,)respectively.

3.7.2 Experimental Design

To study the effect of operating variables (mass of LEWATIT, bed depth and flowrate) on the
discharge concentration and breakthrough curves, the folijpwiquations were used

(Bertagnolliet al.,2011; Soteleet al.,2013; de Francet al.,2017)

5 — p — QO (3.13)
B —. p — QO (3.14)

whered and0 are theNHsl Nconcentrations iwastewate(mg/L) at breakthroughn@t 6 )

and saturationr8o © ), respectivelyri andry are the adsorption capacities at breakthrough
and saturation (mg/g), respectively, an@ndo are the times (min) required for breakthrough
and saturation, respectively, to be reached. The fractional bed utilization FBU is the ratio

between the ammonia capacity at breakthrough to the ammonia capacity at saturation, i.e.,

06 Y — (3.15)

The adsorption effiencyo ‘Gp is the ratio between the mass of adsorbed ammonia to
the inlet mass of ammonia fed to the column expressed as a percefGaghadrow&

Moheb, 2011)

0 — pmm (3.16)

a anda are calculated frorkquatiors 3.17& 3.18 as follows:

44



a 06 . p — Qb (3.17)

a o o (3.18)

The mass transfer zone MTZ can be calimd as followsVieira et al.,2009, Bertagnollet

al., 2011)

0O p — & (3.19)

In adsorption columns tests, data obtained fitoeriaboratory can be used to determine service
times for scaling up to the pilot plant. Many mathematical models have been developed but the
following one obtained from the linearized Bohart and Adams model has been widely used

(Hutchins, 1973) and is aligd in this studyto calculate the service tinte

O — —I11— p (3.20)
0 DO O (3.21)
w — (3.22)
o —Ii 01— p (3.23)

where®and®are the slope and intercept of the linearized Behdetm model, respectively.

Using the bed depth service time (BDST) technique, three laboratory adsorption column tests
are enough to design an adsorption column on an industrial scale by determining the Bohart
Adams model constants and the initial concentration of the adsorbates technique, three

different bed depths at minimum should be used to obtain three service times
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(breakthrough/saturation times) experimentally at an inlet adsorbate concertratidrnen,

a plot of service time versus bed depth can be made angathenetersy ando
determined from the slope and intercept, respectively, d&soquation3.24. The corresponding
parametersd and® for the industrial scale column operating with an inlet adsorbate
concentratiord can then be obtained using the relationships givetgumatiors 3.25&

3.26(Maji et al.,2007)

6 OO (3.24)
& & — (3.25)
& & ) (3.26)

3.8 Desorption Process

The efficiency of the desorption process depends on many factors such as concentration and
flow rate ofhydrochloric acid (HClhand direction of the flow into a columedcurrent or
countercurrent). Obviously, the LEWATIT resin must be regenerated after completion of the
adsorption step. The following regeneration procedwas usedAll wastewatewas drained

from the resin columibefore the regenerant HCI solution (5:100 w:v) was introduced. This
solution was passed through the column at-@ur@p setting (~ 0.0829 L/min) (superficial

vel ocity & 34.-@urrenmniibwdirettjon as was thieastewatay Co-current
operaton was used since it was expected to lead to more effective regeneration of the

LEWATIT resin based on the recommendation of the resin manufacturerand$sx
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desorbed by (5:100 w:v) HCI can be calculatexrf the area under the elution curve of the

NHsl Nconcentratiord in the eluent versus tinees follows(Soteloet al.,2013)
a v, 0 Qo (3.27)

wherel is the volumetrc flow rate,6 is the ammoniaNHsl Nconcentration irelution
solution, 0 is the time for termination of the elution step andis the time to achieve

maximumNHz1 Nconcentration irelutionsolution.
The elution efficiencyO ‘TP is the ratio betweed andd  expressed as a percentage

O® — pmnm (3.28)

Finally, the concentration factor CF is the ratiovsn the maximuriHsi Nconcentration
0 during the desorption step to thi#|sT Nconcentration in the inlet to the adsorption step

(Voleskyet al.,2003; Soteleet al.,2013)

50 — (3.29)

For the desorption procesgpparent desorption rate coefficient can be calculated as follows:
AR 06 (3.30)

By integrationEquation3.30 sinced j0 y p ato T the first order rate model is

expressed as (Spar&sJardine, 1981):

I 16 5j 0 j Qo (3.32)
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whered ; and0 j are theNHsl Nconcentration in thelution solutionat initial and time
(mg/L) respectivelyand Q is the apparentlesorption rate constant (1/minln plotting

~

11666 r vs.0Q i a&nQ

3.9 Regression

The models were fit to the experimental data by minimizing the-msansquare eor
(RMSE) between the measuredy 6;  and computed 64 6; r values for each

absorbent and the coefficient of determinatidn ( Barrett, 1974 i.e.,

YOYO —B 848 5 848 (3.32)
. B 646 n 646  h
VOP 5 e g eae (3:33)

where N is he number of samples collected arig 6, i Is the mean of the computed

values.

3.10 Results and Discussion

3.10.1 Isotherms

Isotherms were determined from adsorption experiments of ammonia oniaskewater
using LEWATIT.Figure3.1 shows plots af versusd obtainedusing 0.5, 1, 2,3,6and 9g
LEWATIT in 0.12 LwastewaterFor comparison, the computed isotherms according to the

LangmuirandFreundlich models are also included. The fitted isotherm parameters obtained
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for each model are listed imable 3.3 using standard ntinearregression Levenberg
Marquardt techniqueLévenberg, 1944Marquardt, 1968 The results shown iRigure 3.1

reveal very close agreement of the fitted models with each other and with the experimental
values. Examinationf the Langmuir and Freundlich parameters shows the adsorption to fall
in the favorable category based on thev&ue being less than 1.0 and the n value being larger
than 1.0. ThéY value for ammonia adsorption usibBWATIT in this study falls in theange

of 07 1.

3.10.2 Fixed-Bed Column

As shown inFigure 3.2 and Table 3.4, important aims of the srealumn tests were to
determine if breakthrough could be reached in a reasonable amount of time and how that might
differ depending on the mass of LEWATIT adsorbent. The flow rate during the breakthrough
expeiments using the small column was observed to remain approximately stable at a
calcul ated value of 0.0054 L/min (superfici
masses (3, 6, and 9 g) used in this part of the study. the results of these contEW@IET
adsorption experiments demonstrated that breakthrough progressed repedbulk sample
volume collected over the experiment increased from 0.345 to 0.53t0 0.96to 1.54t0 2.1 L as
the experiment progressed to speed up the breakthrough. Acciarthedgoreakthrough results
obtained in the large column containing 131.4E\WATIT, breakthrough and saturation
occurred after approximately 247 and 334 min, respectively. The BAdams and Thomas
model parameters were calculated using the interespitslope fronfrigure3.2 and applying
Equatiors 3.10& 3.12. It can be observed in Table 3.4 that the rate constants according to both

models agree with each other. Table 3.5 represents design values using parameters obtained
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from Thomas and@ohartAdamsmodels.lt can be observed that increasing the bed height is
reverse tdhevolumetric mass transfer coefficient and proportional to the length of the mass
transfer zone at constant the flowrad®tgeloet al.,2012).

Figure 3.3 shows a plot of the breaktlugh timeo (when discharg&lHsl Nconcentration
reaches®t w ) ard saturation tim@ (when dischargBlHsl Nconcentration reacheso W )
versus the bed depthobtained from the experiments i (Q @ p Yin the small columnThe

bestfit linear relationships are as follows:
0O WO o (3.34)
0O pBWL p& (3.35)

With these values oy andw in Equatiors 3.22 & 3.23, the corresponding values
of ® and® can be calculated usirigguations3.25& 3.26 for any flowrate and inlet

ammonia concentrations to scale up to an industcale operatiof{Soteloet al.,2012).

3.10.3 Desorption Process

Elusion efficiency effects by many factors; percentage, and flowrate of the regenerate, contact
time, surface am type of the flow (cacurrent or counter current), and type of the regenerate
(basic, acid psalt). A LEWATIT desorption is usually recommended using @t%) HCI
accordingtaa he manuf act ur elkEBVATITpandbecalusaiaf lEgh sefectitityh e

for hydrogen ionsNlalovanyyet al.,2013) Comparing to the other workjalovanyyet al.,

2013 also used HCI to regenerate straangd weak acidic cation resinss shown inFigures

4 &5, at approximately 0.0835 L/minfio r at e (superficial wvelocit

w/v) HCI was passed to regenerate LEWATIT in the large column and the madsediesas
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calculated usingquation30. This analysis showed the pddkisi Nconcentratio® and 6 "0

were found to be 524 mg/L and 26.27 respectively while the desorption efficiency was 50.4

%.Q was 0.249 0.123 1/min using linear fitting witlY 1@ o

1.8 T

1.6

1.4+

1.2}

a, (mg/g)

4  Experimental
Langmuir
Freundlich

Ce (mg/L)

10

15

Figure 3.1: Comparison of the experimental isotherm with those fitted according to the Langmuir and
Freundlich isotherms for adsorption of ammoniadds 1, 2, 3, 6 and 9IgEWATIT in 0.12 Lwastewater
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Figure 3.3: Bed depth versus breakthrough and saturation times using a small column.
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Figure 3.5: Elution plot of LEWATIT.
53



Table 3.3: Fitted constants obtained for the Langmuir and Freundlich isotherms.

Langmuir Freundlich

N, mgl/g 12.69 Q, ((mg/g).(L/mgy’™ 0.14
Q, LImg 0.009 & 1.11
RMSE 0.059 RMSE 0.051
Y 0.983 Y 0.987

For Langmuir isothernmy

& ¢

Table 3.4: Fitted constantwith 95% confidence rangesbtained for the Thomas a@bhartAdamsmodels.

Column BohartAdams Thomas
type o) 0 RMSE o) n RMSE
L/mg.min mg/L L/mg.min mg/g
3 gSmall 0.0049 +0.001| 874.8+0.21| 0.188 | 0.0049 +£0.001| 1145.2+0.12( 0.188
6 g-Small 0.0027 £ 0.005| 683.3+£1.11| 0.229 | 0.0027 £0.005| 8945+24 0.229
9 g-Small 0.0034 +0.002| 526.2+0.45| 0.435 | 0.0034 £0.002| 688.8+1.2 0.435
131.4 glLarge 0.0031 +0.003| 316.5+0.59| 0.410 | 0.0031 +0.003| 348.8+20.9 ( 0.410
Table 3.5: Design parameters obtained for the ThomasBuotthrtAdamsmodels.

0 o A Qo 0 0 n n 06 YO | MTZ
L/min g cm 1/min min min mg/g mg/g cm
0.0054| 3 5 0.137 10.4 63.8 | 0.391 | 1.545 | 0.20 | 40 3.9
0.0054 6 10 0.076 36.3 131.4 | 0.601 1.514 | 0.28 43 7.1
0.0054| 9 15 0.093 95.7 1728 | 0.686 | 1379 | 033 | 41 10.0
0.0385| 131.4| 295 0.082 | 2579 | 341.8 | 0.351 | 0.702 | 0.33 69 19.6
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3.11 Conclusions

Based on the experimentand theoretical results obtained in this chapter, the following

conclusions can be made:

1. The batch process using LEWATIT behaves as Freundlich isotherm more than Langmuir
one based on the RMSE aivd values.

2.BohartAdams and Thomas models satisfactorily fit the data with low RMSE value.

3.Using HCI in a ceflow technique for regenerating LEWAT shows acceptable

desorptiorin brief time.
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Chapter 4:
Continuous Adsor ptNaon Usi ng AZL

4.1 Introduction

Increasing ammonia concentrationgndustrial wastewater effluenteave become a critical
issue resulting from industrial activities due to various harreftécts such as increasing
toxicity of aquatic environment and corrosion rate of eggecially ammoina is a main source

of the nitrate and nitrateTo reduce ammonia concentrations to more acceptable limits for
discharging to the groundwater at 2 mgNHzi N, adsorption process becomes one of the
alternatives options for the treatment of this type of wastewater & Hameed, 2009An
adsorption process using resins/zeolites has some attractive featcineas high treatment
loading and removal effiency, low cost and fast kinetiocS(ptaet al, 2015. Also, it iseasy

to maintain and operate, relatively inexpensive (compared to air stripping), appropriate for a
cold environment (unlike biological processes) and high selectivity to the ammonia ions.
(Sreejalekshmet al, 2009; Wanget al, 2014). An ammonia removal using resins/zeolites in
the adsorption process has been studied by several researchers in past years. For example,
Okuharaet al. (2007) used diverse types offit@m zeolites to removammonia at low initial
concentrations (10 ppm). Vassileva & Voikova (2009) investigated the use of natural and
NacCl pretreated Bulgarian clinoptilolite for ammonium removal from aqueous solutions with
ammonium concentrations ranging from 175 to 250 nugpihg batch studies under different
conditions of adsorbent mass, initial ammonium concentration, pH, and tempdragwea.
Ramosat el. (2010) studied ion exchange of ammonium from aqueous solutions using
chabazite, considering the effects of surfaceperties, pH, temperature and zeolite
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modifications on exchange capacity. They concluded that pH has an active while temperature
has slight effect on exchange capacity of the chabdaithis work, our expansion on these
studies is byusing diverse typesf the adsorbents Qlresins andb zeolites) for removing
ammonia concentration as nitrogen at lower concentrationsi (8.8ng/L) real industrial
wastewater samplés determine the most effective ones Also, a continadasrption process

was choseffor removing ammonia of 22.7 mg/L concentration fnealindustrialwastewater

using Ace chromatography column loadedanyAZLB -Na zeolite.

4.2 Real Wastewater

Approximately 40 L othewastewater was delivered from a Canadian company located in the
north. The water was stored in the cold room &C4and used in laboratory at ambient

conditions for subequent adsorption experiments.

4.3 Adsorbents

Various resins and zeolites were assedsedheir ability to remove ammonia from the
wastewater as follows. The Néorm cationic exchange resins were Diaion PK216, Diaion
PK228, Diaion SK1B, Tulsion ‘B2 Na, and Tulsion -2 Na and the Hform cationic
exchange resins were Dowex, LEWATIT Mono®5108H, Purolite MN500, Purolite C100H,
and Purolite C104 Plus while the zeolites were Cliniptilolite-8& NV-Na, and NVNa *TM
Ammonia Specific and Bowie Chabazite AZiN& (see Table 4), AZLB-Ca and ZMl. All

the zeolites were washed, filtered and cdeled before use. The type and modification of the
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zeolites as well as pH, and temperature effect on their capacity for removal ammonia from

wastewaterJha & Hayashi, 2009;eyvaRamosetal., 2010.

Table 4.1: Some physical and chemical specifications ofAE&B -Na.

Form Granules Color Reddish/Tan
Crystal size < 1.0 micron Operating pH 3 1 14
Density 1.73 g/cd Operating Temperature | Max. 120°C
Capacity 2.5 Meq/q Regenerant NaOH

4.4 Adsorption Analysis

For the adsorption experiments on real wastewater, analysis was conducted using a pH meter

(JENCO Electronics LTD, Model 1671) to measure the pH of the wastewater before and after

adding AZLB-Na, highrange Hach kits for ammonia (Ammonia HR TNT, Hach

Company/ Hach

Lange

GmbH, USA)

t o mi

X

W i

t h

procedure provided for the kits, and an Wi spectrophotometer (HP8452A diode array) to

determine the ammanconcentration as nitrogeNHKdsi N.

4.5 Experimental Adsorption Tests

Screening rests were performed as follévd gram of eachdsorbentvas added to 381L of

therealwastewater in each of the -4GL amber vials. A 0.4mL sample of the solution was

collected immediately and analyzed foiHsi N and then the contents were left to stand for 7

hours while being shaken multiple times by hand before a final sample was collected and
analyzedNHasi N. The results in mg/L{NHzi N) adsabentwere compiled to determine the

most efficient adsorbent before proceeding onto more detailed studies of the selected
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adsorbentsThe adsorption capacity, (mg/g) of ammonia at timé can be calculated as

follows:

ho— (4.)

where 0; and 6, are the ammonia concentrations (mg/L) (as nitrogen, i.e3l NHof
wastewater ab 1Tand some later tim@ respectively@ is the mass of the adsorbent (f),

is the experimental adsorption capacity at time (mg/g)caisdthe volume of the adsorbate

(L).

4.6 Relationship Between Isotherms and Breakthrough Curve

Based on constants obtained from Langmuir Ereindlich isotherms in a batch adsorption
(FromChapter 2), breakthrough curves in a continuous adsorption can be predicted using the

following expressions derived Ii¥hern and Chien (2002):

Langmuir:6 65 —— 1 £ 6j6

-+

(4.2)

Freundlich: 0 04 8T — Q06j6 foroj o &) (4.3)

O Og

-8 ; —Q0j6 forojo ™ 4.4)

whered is the NHzi N concentration (mg/L) invastewateat timeo, Qdis thevolumetric
mass transfer coefficier{l/min), ¢ g is the time wherd j6 1@, ” is the density of the

wastewatetmg/cnt) and- is the porosity of the column.
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By finding avolumetric mass transfer coefficient Bguation4.5 (Chern & Chien, 2002;
Kananpanalet al.,2009), t will be easy to predict a breakthrough curve in a fiked column
using Equation4.2 for Langmuir isothermand Equatiors 4.3 & 4.4 for Freundlich isotherm

with ascending and descending interval$ B respectively

j 6j6  6j6 | (4.5)

4.7 Fixed-Bed Column

As shown inFigureA.3, The large columnAce chromatography column) was made of a 25

mm inner diameter x 666 m long piece oflass tubing with taped threaded glass ends, and
threaded teflon endcaps. Appropriate plastic
adjustableheaded peristaltic pump (Stunner pumps) with a duct tape to pass wastewater into
the column at a ratef the 110 pump setting which approximately equals to 0.6030514

L/min as shown in Figure A.AZLB-Nawas examined at mass of 38.5 g whilerémsd water

was delivered at rate of 0.0385 L/min through the column until the breakthrough of the
ammonia wa observedThe procedure was as followthe desirabléAZLB-Na mass was
weighed and then added into the column with measuring the bed depth to be used in the model.
A peristaltic pump was connected to the column by the appropriate tubing as mentioreed abov
to the column top and the speed was adjusted to be-ptimg setting to delivavastewater

at rate of 0.0385 L/min. By opening the top valve and running the pwagiewatemwas

passed into the column to remove the stidldy B-Na on the column wall, ensure the whole

mass filled the column and adjust height of the water to be two cm aboXZltBeNaresin
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and then passingastewater The bottom valve was adjusted to make the drained DI water
from the column as speed as the entewater to the column. A-IL beaker was located under
the bottom valve to collect the samples until breakthrough was achieved by monitoring the rise

in theNHs1 Nn the adsorption sample volume and then plotting ratjod vs. time.

4.8 Breakthrough Curve Analysis

4.8.1 Models

The BoharAdams and Thomas models were used to describe the behavior of continuous
ammonia adsorption in a fixdeed column usingAZLB-Na for comparison with our
experimental data (Bohart and Adams, 1920; Thomas, 1944). AccordhgBohartAdams
model, theNHsi Nconcentration in the discharge from the column is given by the following

expression

— (4.6)

a¢— p —— Q60 (4.7)
whereQ is the BoharAdams rate constant (L/mmgin), 0 is the saturation concentration
(mg/L), t is the linear velocity ofvastewatefcm/min) andwis the bed depth (cm). Based on
Equationd.7, aplotoft £— p versusdshould be linear an@ and( can be determined
i aeEn’ NE 0 QITOAN §
§ @nd 0 o

by applying respectively. The corresponding relations

based on the Thomas models are:

— (4.8)
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G4¢— p —— QB (4.9)

where’Q is the Thomas rate constant (L/mg.mif), is the naximum concentration (mg/g)

andV is the volumetric flow rate ofvastewatefL/min). Based orEquation4.9, this model

also predicts that a plot 6f e— p versusoshould be linear and that the model parameters
Q andn can be determined from & & 6” %d Qe 0 01 Uwvéz r]é((,)respectively.

4.8.2 Experimental Design

To study the effect of operating variables (mass of AZ& bed depth and flowrate) on the
discharge concentration and breakthrough curves, tHewfog equations were used

(Bertagnolliet al.,2011; Sotelet al.,2013; de Francet al.,2017)

n —., p — Qo (4.12)
n —., p — QO (4.13)

where0 and0 are theNHsl Nconcentrations iwastewatefmg/L) at breakthroughr@t 0 )
and saturationt@o © ), respetively, 1 andr are the adsorption capacities at breakthrough
and saturation (mg/g), respectively, @anéndo are the times (min) required for breakthrough
and saturation, respectively, to be reached. The fractional bed utilization FBU retithe

between the ammonia capacity at breakthrough to the ammonia capacity at saturation, i.e.,

06 Y — (4.19)
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The adsorptin efficiencyo ‘Gp is the ratio between the mass of adsorbed ammonia to
the inlet massl of ammonia fed to the column expressed as a percef@agbadrou and

Moheb, 2011)

6b® —— pmm (4.15)
a anda are calculated frorkquatiors 4.16& 4.17 as follows:

G 06 p — Qo0 (4.16)
G 06 0 (4.17)

The masgransfer zone MTZ can be calculated as folloVigifa et al.,2009, Bertagnollet

al., 2011)

DYh p — & (4.18)

In adsorption columniests, data obtained from the laboratory can be used to determine service
times for scaling up to the pilot plant. Many mathematical models have been developed but the
following one obtained from the linearized Bohart and Adams model has been widely used

(Hutchins, 1973) and is applied in this studycalculate the service tinte

0O —o ——I1 1— p (4.19)
O OO ® (4.20)
o — (4.21)
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o —Ii1— p (4.22)

wheredandare the slope and intercept of the linearized Behdem model, respectively.

4.9 Desorption Process

A next step after completing the experimenteigenerating th&ZLB-Naresin A procedure
of the regeneration &s follows AZLB-Nawas drained of allvastewatebefore the solution
was introduced. (10:100 w/v) sodium hydroxide was prepared fohZh® -Na andpassed
through the column at agump setting which equals to 0.0385 L/min in thdlow direction

as the same asastewater The reasons of the €tmw direction are recommended by the
manufacturers for greater percentage in regeneratinrgZhB -Naresin and it was unknown
whether the peristaltic pump can deliver the solution up. In the elusion plotadsedesorbed
by (10:100 w:v) NaOH can be calculated by multiplythg area under the curve between
ammonia concentrations as N and time by rwétric flow rate0 as follows(Soteloet al.,

2013)
a 0. 6 Qo (4.23)

wherel is the volumetric flow rate,6 is the ammoniaNHsl Nconcentration irelution
solution, 0 is the time for termination of the elution step andis the time to achieve

maximumNHsl Nconcentration.

The elution efficiencyO ‘TP s the ratio betweea anda expressed as percentage
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O® — pnm (4.24)

Finally, the concentration factor CF is the ratio between the maxiNidgh Nconcentration

0 during thedesorption step to thdHsl Nconcentration in the inlet to the adsorption step
(Voleskyet al.,2003; Soteleet al.,2013)
00 — (4.25)

Apparent desorption rate coefficient can be calculated as follows:

Al R 06 - (4.26)
The first order rate modébr the desorption proceissexpressed as (Sparks and Jardine, 1981)
116 5j6 § 0o (4.27)
whered ;; and0 j are theNHsl Nconcentration in thelution solutionat initial and time

(mg/L) and'Q is the apparendesorptiorrate constant (1/min)n plottingl 16 j 6  vs.

0,Q i aenQ

4.10 Regression

The models were fit to the experimental data by minimizing the-msansquare error

(RMSE) between the measuredy 6;  and computed 64 6; i values for each

absorbent and the coefficient of determinatidn ( Barrett, 1974 i.e.,

YO YO —B 646 5 6406 i (4.28)

65



v B &4 6 Fo Od O¢ h
P B 546 & 6ace

(429

where N is the number of samples collected ah§lo; i Is the mean of the computed

values.

4.11 Results and Discussion

4.11.1 Screening Tests

As shown inTable 42, sixteenion-exchange adsorbentd)desins and zeolites) were tested

for their efficiency in removing ammonia from trealwastewater by adding one gram of each
adsorbent into 3,L of thereal water.The preliminaryresultsshowedn thesection 2.9.1of
thechaptertwo. A more detailecgstudy of the three selectedsorbergfrom a first grougtwo

most effective resins Dowex and Purolite MN500 and most effective zeolite A&)Bvas
conducted over a fivhour period with samples collected att =0, 1, 3 and 5 hr., using 0.5 and
1 g of eactadsorbent andAs shown inFigure4.1, the starting cozentration was also plotted

as mg/g to keep the plots on a reasonable scale for comparison althoadsonmenivas
present for the time zero samples shown inFigure 4.2, the results demonstrated that
adsorption of ammonia by the Dowex resin was thetrafiicient adsorbent for the ammonia

(~ 76 and 89% removal when 0.5 and 1.0 g adsorbent, respectively, are used) compared to
Purolite MN500 (~ 35 and 54%, respectively) and ALKB zeolite (~ 38 and 55%,
respectively). Each adsorbent reached saturatitimnwan hour when 0.5 g was used and
within 3 hours when 1 g adsorbent was present. The effect of thex@brange resins on the

solution pH was markedly different from that of the zeolite. The final pH at the end of 5 hrs
66



adsorption decreased from 5.061t84 and 1.91 when Dowex and the Purolite MN500 resins,
respectively, were used, but only to 6.32 when ALM® zeolite was used. The reason is
related to compositions of the both resins and zeolites sihisereleased by the ion exchange

reaction, whegas adsorption by zeolite does not.

4.11.2 Fixed-Bed Column

As shown inFigure4.3 and Table 8, models constants were calculated using the intercepts
and slope of the fitting models and applylBguatiors 4.7-4.9. It can be observed that the rate
constants oboth models are the same and fit the experimental data with low RMSE value as

in Table4.4 represents design values using an A28 zeolite.

4.11.3 Desorption Process

Elution efficiency effects by many factors; percentage, and flowrate of the regenerate, contact
time, surface area, type of the flow {corrent or counter current), and type of the regenerate
(basic, acid psalt). AnAZLB -Nadesorption is usually recommended usind (8vt%) NaOH
accordingtd he manuf act ur eAZbBsNapConwpariagb the @herovbrkas h e
shown in theigures 4.4 & 4.5, approximately 0.0385 L/min flow rate of (10:100 w/v) NaOH
was passed to regenerate AZNA. The desorbed mass was calculated calculated using
Equation 4.23This analysis showed the pellkisi Nconcentratiord and & "ofound to be

160.2 mg/L and 7.05 respectively while the desorption efficiency and apparent desorption
constant rate was 17.1 % afdl23 0.027 (/min) using linear fitting withY 1@ p

respectively.
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Figure 4.1: Adsorption capacities usir@5and1 g of each adsorbent in real wastewater.
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Table 4.2: Ammonia concentratio(NHsl N) usingl g of each adsorbent anéutralpH.

mg/L (NHsT N)

mg/L (NHs1 N ) (%) removal

(%) removal

Adsorbent at5 sec at7 hr at5 sec at7 hr PH
First group: Initial NHIT N ( mg / L) - Initial 8H =r8.d6 aL.22.5C
Dowex 50Wx8 3 0.4 62.5 95.0 Acidic
Purolite MN500 6.3 3 21.2 62.5 Acidic
Purolite C104Plus 7.9 9.4 1.20 * Acidic
Purolite C100H 6.3 0.8 21.2 90.0 Acidic
Zeolite NM-Ca 7.1 5 11.2 375 Basic
Zeolite NV-Na 6.1 3.2 23.7 60.0 Basic
Second group: Initial Nl N ( mg/ L) - itiaBpH& 5.12@t/22.5C

Zeolite AZLB-Na 25 1.3 34.20 65.78 Basic
Zeolite NV-Na *TM 3.3 3.2 13.15 15.78 Basic
Zeolite AZLB-Ca 2.9 1.9 23.68 50.00 Basic
DIAION PK228 3 1.8 21.05 52.63 Acidic
DIAION SK1B 2.8 1.8 26.31 52.63 Acidic
DIAION PK216 2.7 2.1 28.94 44,73 Acidic
Tulsion T-42 NaN-B1-TX 2.7 2.2 28.94 42.10 Acidic
Tulsion T-52 NaBCN-B1-TX 3.4 1.0 10.50 73.68 Acidic
LEWATIT monoPlus S 108 H 3.2 1.3 15.70 65.78 Acidic
KMI Zeolite 2.9 2.6 23.68 31.75 Basic
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Table 4.3: Constants of Thomas aBbhartAdamsmodels.

Bohart-Adam Thomas
Q , L/mg.min 0 , mg/L RMSE "Q , L/mg.min 1, mglg RMSE
0.0023 1510.2 0.137 0.0023 1788.4 0.137

Table 4.4: Design values of both Thomas aRdhartAdamsmodels.

Qo 0 0 n I 06 Y| o MTZ
1/min min min mg/g mg/g cm
5.359 36.4 151.8 0.789 2.575 0.234 25.27 6.888

4.12 Conclusions

Fromthis research study, the following conclusions can be made from the experiraadtal

theoretical results obtained:

1. Depending on screening results, Dowex, and LEWATIT (Acidic resins) and AZLB

Na, and NV¥Na (Basic zeolits) are the most efficient.

2. An AZLB-Na zeolite is more effective for the ammonia adsorption using-#oweo

technique.
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Chapter 5:
CQEmMi ssiMamsage meaaRCA mU t

5.1 Introduction

Petroleum refining processes are one of the major sources of carbon dioxilerf@sions

since approximatel$% of the global C@emissions are produced by refineries amounting to
one billion tons of C@per year. Therefore, refineries are a suitable candidate for carbon
capture and storage (CCS) due to the large amount of carbon dioxide, especially in the
Fluidized Catalytic Cracking (FCC) units which represents approximately 8% of the

total carbon emissions (Stockle & Bullen, 2008; de Metlal, 2009, 2013; van Straelen

al., 2010; Miracceaet al, 2013).CO, emitted from refineries can be reduced in several areas
such as energy efficiency improvements or by implementing carbon capture and sequestration
(Stockle and Bullen, 2008

In previous work, de Mellet al. (2009) compared, based on technical and ecanaspects,

two schemes: postombustion and oxgombustion to capture Gdrom FCC units and
presented cost estimates for each scheme and concluded that the cost ottmbmstion is

higher than that of postombustion as well as using €€apture wil not change the product
profile and affect the conversion of coke deposited. Also, they estimated thgaflue
composition depending on mass/energy balances. Finally, they found that it is technically
possible to operate the FCC unit in an-@oynbustionschemeFu & Anantharaman (2017)
developed models of the oxypmbustion in the regeneratb€C unit because of a lack of
investigation in this field in public literature that were derived from literature work of the post
combustion of the FCC unit. Alsdhay concluded that it is possible to capture carbon from
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emissions of FCC units when working under an -oggnbustion process and €O
concentration in the flue gases can reach 95%. Also, their models could be used for further
optimization techniqgue®n theother hand, vaBtraeleret al.(2010) evaluated costs for post
combustion in a complex refinery and concluded that the application et@uodtustion is
promising for various C@emission sources at refineries. FurthermBegrobras used an oxy
combustbn scheme in its FC@nit to retrofit carbon capture. Shell also performed a study on
CQO: reduction and the use of oxxpmbustion (de Mellet al, 2009). More recently, Escudero

et al. (2016) concluded that levels of carbon dioxide are always high merefs since they

have a range of final conversion products. Also, they found that it can be economically and
technically possible to capture carbon dioxide from anrantybustion scheme in the refinery
sector. FCC units can be considered as one of the soairces that contribute to the most
carbon dioxide emissions in refineries. According to tests underac&@ure project in
Brazil, it is technically feasible to retrofit a FCC unit to capture carbon dioxide by an oxy
combustion system since it is falithat total refinery emissions decreased by 20% to 30%
(Escudercet al., 2016) We expand on these studies ljydescribing the system using the
simplified models, especially in oxgombustion system where no clear published models
exist, ii) identifyingthe side constraints from the dynamic behavior of each stream in the unit

and iii) examining the effects of integrating a carbon capture unit within the FCC unit.
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5.2 Fluidized Catalytic Cracking (FCC) Unit

5.2.1 FCC Process Description

Converting heavy oil fraagins (Gasoil) to valuable products such as gasoline and liquid
petroleum gas is a main objective of #@C unit As shown inFigure5.1, a mixture of the

fresh hydrocarbon feed and catalyst with 0.1% of the regenerated catalyst is preheated at 204
T 4°Ctd prevent coking and then pumped to the riser bottom to meet théehigierature
regenerated catalyst from the regenerator &tG.Ihe heat carried by the regenerated catalyst
vaporizes and raises the mixture to the desired cracking reaction tampatab22C until
separation of the oil vapors from the catalyst at the reactor top. The contact time between the
regenerated catalyst and mixture in the reactotli@ 8econds. Then, hydrocarbon vapors are
treated with steam injection at $22to separte them from the catalyst surfaces and then
passed through the fractionating column for multiprocessing to yield usable products. Coke
forms on the catalysts surfaces due to cracking reactions and causes reduction in its activity.
Therefore, the spent cigat leaves the reactor containing deposited coke and passes to the
regenerator where coke contacts and reacts with air or oxygen depending on the combustion
system for 1015 minutes of residence time. Variations of the air or oxygen flow rate are one
of the vital tools for controlling the regenerator temperature where the air/oxygen temperature
is 3701 593C. Finally, the regenerated catalyst enters the bottom of the riser through the side
valve, and thus a continuous catalyst circulation loop is contplateemperature range of the
reactor and regenerator496i 565°C and 677 732°C respectively while reactions of the
reactor and regenerator are endotherrhib5622x10 kJ/min) and exothermicg4999x16

kJ/min) respectively. Heat losses in the reactor and regenerator are 2% and 4% respectively
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due to convection and radiation (Gary, Hankwerk, & Kaiser, 2007; Lieberman, 2009). Because
of the full postcombustion reactions inside the regenerator, the @@itted ypically
represents 10 20% of flue gases while in an oxymbustion, the C&percentage is higher
around 90i 95% because flue gases are not containing nitrogen. Two combsgsi@ms

(post and oxycombustion are possibledepending on the FCC regenera design.
Differences between the two systems are many, such as the amount and concentration of the
carbon dioxide in flue gases, and the operating cost. Alsecpodiustion system happens in

the presence of air (including nitrogen) while in the-orgnbustion takes place in the presence

of pure oxygen diluted with carbon dioxide. Large amounts of nitrogen are produced-by post
combustion while in the oxgombustion it is not the case because of the use of an air
separation unit (ASU) to remove nitrogdnit this increases the operating costs (Lecahte

al., 2010). It is important to mention the kinetic reactions of the combustion that take place in
the regenerator and give details about concentrations of the reactants/products including carbon

dioxide The reactions are as folloBollaset at.,2007)

# -/ #1,0 + # |
# -/ # ,0 + # |/

#/1 -1 # ,0 + [ 8 #/ (I8
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Figure 5.1: A systematic diagram of the FCC unit with the Q@pture unit.

5.2.2 Validation of the FCC Simplified Model

Modeling of refining and industrial processes represents the fundamental block to many tasks
such as optimization, design, and control. Advantages of simplified models are many such as
firstly, giving better predictins and estimations than extended models, especially when the
data have a lack of information Secondly, using and developing in many different fields of
chemical engineering such as optimization, process control, and design with reducing
nonlinearity, commxity and the number of equations (Perregaard 1993; Brehdk|2006).

Thirdly, reducing computational simulation burdens by gaining insight into the process models
(Perregaard, 1993). Finally, they are less expensive in usage and more reliableesire t

not contain many unknown variables (Brooks and Tobias, 1996). Due to the difficulties that
come with deriving the models, the modelers should use simplified models associated with
choosing the reasonable assumptions such as considering some paramnetasonable
values, neglecting some terms in mass/heat balances and/or fixing specific heats if the
temperature range is convergent. To obtain accurate results using the simulations, the

researchers and engineers must have sufficientnaitge knowldge about the processes with
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selecting the appropriate assumptions and have data that describe the best predictions. With
information limitations about the process and existing unknown parameters, many processes
have complexity and there are difficulti@sabtaining accurate mechanisms. The aims of using
simplified models focused on acceptable assumptions during formulating models as well as
fixing some parameters at appropriate values. Developing mechanistic models represents many
challenges since it isostly, difficult and requires sufficient data to predict all unknown
variables and parameters of the models (Wetrag.,2007).Results of the simulation models

show good agreement comparing with the available data in the literature when using the same
operating conditionsElnashaie, 1994 Using simulations, the solution of the dynamic or
steady state problems requires choosing special calculation methods with correct numerical
features.

McFarleneet al. (1993),Arbel et al. (1995) and Bollagt al. (2007) presented models of the
fluidized catalytic cracking unit in detail including mass/heat balances and kinetic reactions of
both reactor and regenerator, control system and optimization. McFateak (1993)
presented mechanistic models of bothacter and regenerator, covered most of the dynamic
behaviors in thé-CC unitincluding interaction between two processeslina optimization

and process control and concluded that the FCC process is a highly nonlinear system and has
interactions among #wariablesArbel et al.(1995) described models of tR€C unitin detall
including kinetic rates of CO and GQ@ombustion and their effects on the FCC unit
performance. Bollagt al. (2007) studied the dynamic behavior of the FCC unit using a
dynamic smulator by imposing step changes in some manipulated variables, measuring reactor

and regenerator temperatures and regenerator flue gas flowrates in betnolbeased loops
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and comparing those to a simulator with the conclusion that the dynamic sinuaatserve

to develop offline optimization studies and moel@hsed control. Fahiret al.,(2010) studied

and described material/heat balances of the FCC unit at steady state. Our model was based on
the models presented in literature. Comparing to th&bbimet al. (2010) the model has a

static and dynamic behavior. State space analysis is a method used by many researchers to
describe dynamic systems of multipiguts and multipleutputs (MIMO) since it is easy and

depends on matrix algebra (Cougbaer & LeBlanc, 2009) as follows

8

W O ) ® O 8 o o}
\ [ 8 A4 5 ~ 5 ,
¥ 49 % g %% ¥ @ @ 8§ 3 (5.1)
W ® ® 8 O () ® O 8 O o]

wherew, @ ... are state variables white, 6 ...0 are influencingones In matrix form,
Equation 5.1can be written as:

W 0woo (5.2)

w 0w (5.3)

where y is a vector of the outputs (w ...w ), A, B are matrixes representing coefficients of
influencingand output variablesespectively and C is an identity matrix. NMiMO systems,

this method was used to find dynamic responses and transfer functions between influencing
and output variables. On the other hand, it causes the models to lose some accauseydiec

converting the system to the linear state.

5.2.3 Simplified FCC Unit Modeling

Because of high economic and environmental importance, modelling and optimization of the

FCC unit represent big challenges research because process models should be described in
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detail (Bollaset al.,2007). Therefore, mass and heat balances of the FQEgxneed to be
modeled, calculated correctly and employed to study through the process variables (i.e., flow
rates and temperatures). Simulation models of any process are derived from mass balance,
energy balance and kinetic equations while consideringesassumptions to help the
researchers reduce and resolve the complexity of models. Therefore, prediction of the changes
consequence of the system influencing and/or operating conditions is the aim of dynamic
modeling. In modern refineries, FCC units ahe tprincipal elements to modify heavy
petroleum fractions into more valuable products such asdutgne number gasoline, middle
distillates, and light gases. Big challenges occur in studying the operating conditions of FCC
units that have large effect: @hysical properties of the catalyst (Lieberman, 2009). The
reasons to study temperature effects on both the reactor and regenerator performance in FCC
units are many. Firstly, reactor temperature plays a key role in FCC unit performance since
increasesn the conversion are achieved by increases in reactor temperature to produce
gasoline with high octane number (Ekisal.,1998). Also, increasing rates and temperatures

of the feed, and regenerated catalyst lead to an increase in reactor temperatamk to
feedstocks (Lieberman, 2009; Sadeghbeigi, 2012). Secondly, regenerator temperature plays a
key role in maintaining the best heat distribution in both reactor and regenerator. Keeping
regenerator temperatures within normal ranges is necessary tocataligst deactivation
caused by high regenerator temperatures such as severe afterburning. Reducing regenerator
temperature can be achieved by decreasing the feed temperature along with increasing the
catalyst circulation rate, reducing the air temperatarl50C or more since the air can cut the

regenerator temperature by°Z5Also, hydrothermal deactivation can be caused by exposing
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the catalyst to a higtemperature steam (more than %0since flue gas in the regenerator
contains water vapor whids produced from coke combustion (Lieberman, 206#)ally,
temperature is controlled iafterburning by maximizing the feed preheat temperature,
maintaining steady spent catalyst rate, and optimizing stripping and flue gas excess oxygen.
The afterburnindevel in the regenerator commonly depends on the operating conditions of the
unit and contact between the air and the spent catalyst (Sadeghbeigi, 2012). Mass rate of the
air can be used to control the afterburning in the regenerator and to prevent slamage
cyclones of the regenerator since it is a customary practice in many FCC units. In addition,
feed quality, fresh catalyst rate, and air rate could also affect the regenerator temperature,
therefore, heat balances around both reactor and regenemtonportant to ensure best
system performance by finding optimal operating conditions using optimization techniques.
Heat release by coke combustion provides heat to all reactor streams such as raising the feed,
and steam temperatures to the reactor teatper, making up heat losses by radiation,
conduction, etc., and supplying reaction heat. In regenerator, such as raising coke, and air
temperatures to regenerator one, and making up heat losses by radiation, conduction, etc.
(Gary, Handwerk, & Kaiser007). To maintain good balancing between reactor and
regenerator temperatures, the distribution of combustion heat should vary based on stream
needs and design considerations but in general, the heat distribution percentages of the losses,
steam, air, reaan, and feed are 2, 8, 20, 30, and 40 respect{Jelyes & Pujado, 2006)n

the postcombustion system, the reactor (Equations 5.4 & 5.5) and regenerator (Equations 5.6
& 5.7) models were derived with assuming heat losses are equal to 2% of the redenerat

catalyst and 4% of the combustion heat for the reactor and regenerator respectively, and
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specific heats of the influencing variables were consthmds & Pujado, 200&adeghbeigi,

2012) as follows

a o0n Qo a on Q0o a on Q0

0 0 0 2y
L v °n Qo
(5.4)

After integration Equation 5.4educes to
a on Y Y a 0 n Y Y
a 0N Y Y a 0N Y Y
a 6N YooY a 6N YooY a YO
T8t ¢ 0 n Y Y 0 0n 0 0n — (5.5)

whered is the mean heat capacitj/kg.°C), & is themass flow rate (kg/min) andis the

temperature®C) . Similarly, we have:
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G o6n Qoa on Y Y a 0n Qo

a 0N Qo a YO Mt YO
ay
0 0n 0 on 00
(5.6)

After integration, Equatiob.6 reduces to
a on Y Y a 0N YooY a 0n Y
Y 0 o n Y Y a YO T8t 10 YO
0 o n 0 0N — (5.7)

While in an oxycombustion system, two considerations will be applied in the regenerator
model: first, oxygen heat equals to the air one wdeleond, an oxygen flowrate equals to the

air one of postombustion as follows:
£ D

G: 0@ 0,20 a on Qo

(5.8)
0co@ Boo Yoo Y a on Y Y (5.9)

Therefore, Egations5.6 & 5.7 will be as follows:

82



Oe @ B0 a 0n Qo a 0N Qo

a 6N Qo YO mi YO
(0%
V] on b} on 9%
(5.11)
O BooYoo Y A 01 Yoy o 01 Y
% a 61 YooY YO Wi YO
0 6 n 0 6N — (5.12

Differences between pesind oxycombustion models are many: first, specific heat of the air
does not equal to that of the oxygen because air contains nitrogen while oxygen is diluted with
carbon dioxide, therefore; it will affect the dynamic behaviothef system since total mass

and heat balances must be recalculated. Second, carbon dioxide concentrations in flue gases
are different because of the use of the air separation unit to remove nitrogen from air. Despite
these existing differences, switchingtlveen two systems taked 5 min, therefore, flexibility

in operations and designs gives advantages to modern FCCdenikelloet al, 2009).

5.2.4 Optimization Technique

Optimization is considered as one of the effective techniques used by researchers and engineers
to solve many relevant management problems by finding best solutions such as increasing

profits, minimizing time required, and enhancing operating conditioseoprocess. Basic
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optimization problems consist of many simple/complex mathematical expressions depending
on the system Hdgar, Himmelblau, & Lasdon, 2001)JJsing appropriate software,
optimization becomes more effective, easy to use with including opaamytitative functions
and methods and helps researchers to find results faster by leading to more reliable solutions.
To achieve the best optimization results, objective functions and constraints must be presented
very well by including at least one obje® function (cost or profit function, etc.), equality
constraints, inequality constraints and/or side constraMtthematicalprogrammingis
widely used and an appropriate technique in refining operations, oil production and refinery
energy (Dramaetal., 2002;GotheLundgrenet al.,2002; Gunnerud & Foss, 2010; Gueddar
& Dua, 2012) The optimization framework can be described as follows:

Optimizing objective function: f(x)

Subject to:
7 Qo TANOAATEIOQWOWAET OO
1 Qo mQANOAAITEIO@E OO0
1T @ @ O side constraints.

wherew is the vector of the n variableQw and™Qw are the vectors of the equality and
inequality equations respectively a@d and@ are lower and upper limits respectively

(Edga, Himmelblau, & Lasdon2001; Venkataraman, 2009)

5.2.5 Relative Gain Array (RGA)

RGA is a squargains matrix in which summation of all rows/columns must be equal to one

and an appropriate method to show interactions tightness for choosing the best pair at the inp
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and output varidbs that havéhe largest gains in the matrix. Mathematically, calculating RGA

depends only on gains of the open and closed loops at steady state as follows:

VOO0 Qa & Q00 QaNTID (5.13)
where_ arethe elements of the gains matrix (dimensionles®), is the transport of the
gains matrix inverse (dimensionless) &dnd’Care the subscripts refer to rows and columns
respectively. Byfinding _ , values of the other relative gains can be calculated where
_ p _ ,and_ p _ .RGA provides useful criteria to measure an interaction as

follows: no interaction exists between input variables and output ones (i€ ip), an

interaction existst{ _ p), an interaction is very dangerous (1) (Luyben, 1989)

5.3 Carbon Capture Unit

5.3.1 CO; Capture Process Description

As shown inFigure5.3, two main processes are in a carbon captuoite The first one is an
absorbemwhere the flue gas f&d and contacted at the bottom of the absorption column with
the mono ethanol amine (MEA) to produce stripfob gas exiting at the top of the column
while the second oné a stripping column in whiclCOy-rich amine is preheatedhd
regeneated at elevated temperatur@anCO, MEA exiting from top of stripping columis
cooled and fed to the absorption column while-@aptured at the top of stripping column
for sequestration or used as a side stream product (Wilcox, 201&).GG separation from

the flue gas stream using a solvent, itc@mpressed and transported sioitable storage

depending on the amount of g@an Staelert al, 2010).

85



V1 Fcoz

v

Absorber Stripper

Heat
Exchanger

T Fstm

Ls

Figure 5.2: A systematic diagram of tHeéO, capture unit.

5.3.2 Simplified CO, Modelling

CO: emissions still represemst problematic issue, so finding optimal design and operation
represent a crucial challenge for capturing@Qamsdalet al.,2009).Carbon capture using

an amine absorption unit has many advantages such as availability, a wide usage in industries
and réatively inexpensive compared to the membrane separation techiMgeentanet al,
2012;Tarunet al, 2012) One of the goals of using dynamic simulation is for improving the
overall design and optimizing the operation. Kvamsatahl. (2009) developed a dynamic
model of the absorber to evaluate all operational challenges of the process and concluded that
a dynamiemodel absorber can be used to study operability in absorber columns. Posch &
Haider (2013) described a dynamic simulatiérthe absorption unit using MEA solution in

the absorption process as well inlet temperature of the flue gas, lean solvent of the absorption

and flue gas flow as influencing variables in their simulatiBui et al. (2013 & 2014)
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examined effects of the riables such as CQean solvent flow rate, % GOemoval, MEA

wt %, temperatureand pressure of the stripper and temperature of the inlet lean solvent in the
absorber on performances of both absorption and stripping. A simplified mode} oatOre
corsisted of material/energy balances in both absorption/stripping processes since the system
is complex and has high interactionoptimal design and operatimgnditions. Balances of

the absorption process are as follows:

Totalmass balancé: w 0 (5.15
Total heat balanc&t O O 00 wO (5.16)
Component balance of GA) ® j W WP 0 W WwF (6.17)

while for stripping process,

Total mass balance: O 0 O (5.18

Total heat balancés 'O O O 00 O O (5.19
Component balance of GO

Lt@y +VeUp =Ls@jy +ViUjp (5.20)

The degree of gdure is one of the criteria used to measure the efficiency of the carbon capture

unit which is defined as follows (Dowell & Shah, 2014).

000 £l o 5 04 RQE Qi BERV V0L BIEBE Vo 6 Q0
d = 506008 Do Q00 QI O

(521)

$ACOARDOOOA i (5.22)
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In optimization techniques, the objective function should be maximizing the % CC using the
above equation, while equality constrains are material balance and component balance.
The objective functionthatcan be used include:

1- Maximizing degree of captarin an absorber.

2

Minimizing MEA in an absorber to minimize the cost.

3- Minimizing temperature in a stripper to minimize the heat exchanger duty.

4- Maximizing temperature in a stripper to maximize captured. CO

The constraints can be the mass, component, and heat bala@G€egafboth absorption and
stripping columns. The above criteria could be used to compare between two schemes (post
combustion and oxgombustion) using their flue gases as a feed to cacbpture unit.
Nowadays, much research is presented to run the carbon capture in flexible operations. The
main aim is to reduce the net cost of operation by using a renewable energy such as solar
energy that is used to substitute for the energy in theleeldithe stripperQadiret al.,2015).
Typically, in a fixed operation of the capture plant, all variables (for example flow
rates/temperatures of the gas and liquid phases) are considered to be at their nominal values
while in a flexible one, some ohése can be changed dynamically to run the process by
reducing the C@capture level or the rate of spent solvent regeneration (Zaman & Lee, 2015;
Zaman et al, 2016).Qadiret al. (2015) developed reduced models to examine reboiler duty
and auxiliary power requirement in the carbon capture plant. Zaman & Lee (2015) and Zaman

et al. (2016) presented various modes of the optimization in a flexible operation fer post

combustion capterplant to optimize capture level and amount of the sp@wéent.
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5.4 Results and Discussion

5.4.1 Dynamic Behaviors of the FCC Unit

For the postombustion systenkigures 5.4 & 5.5 show thdynamic responses of positive

and negative changes in the flow ratesttady their effect®n the temperatures. Sorflew
rateshave considerable effects while others have sensible ones. Some increases are with
positive changes while others decrease since majority of the change nature in these types
takes step behavior. Tham of using step changes is to determine the nature of the
relationship between flow rates and temperatures and the magnitude of the change; therefore,
finding lower/upper limits of the flow rates to not run the FCC unit out of the minimum and
maximum terperatures. For the oxgombustion systenkigures 5.65.9 show thelynamic
responses of positiveand negative changes in the flow rates to study their eféacthe
temperaturesAlso, CQ percentage in our results using a pasmnbustion system was 193

which is closer to 14.2% (de Mel& al, 2013) and 13.5% (Fu & Anantharaman, 2017) while

it was 93.6% using an oxgombustion system/same heat comparing to 94.3% (de Btello

2013) and 94.1% (Fu & Anantharaman, 2017) as well as it was 93.6% asiruxy
combustion system/same volume comparing to 94.8% (de Miedb 2013) and 91.7% (Fu

& Anantharaman, 2017). To find the lower/upper limits from the dynamic responses, the
following equations were employed for temperatussponseswhich proportimal to

negative/positive changes in flowrates

b0 & 5 —* (5.34)
Yo & —b 1t (5.35)
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While for temperatureesponsewhich reverse to a negative/positive change in flowrates,
00 a5 ——1 (5.36)
Yo & —Ff (5.37)
whered  and”Y} are steady states for each flowrate and temperature respectvefyand

"Y  are minimum and maximum temperatures for reactor/regenerator respectivegd

"Y0 are lower and upper limits of the flowrates respedyi.

5.4.2 Optimization Technique of the FCC Unit

Two differentreactiors take place insiddde FCC unit an endothermic reaction is in tiheactor
while an exothermicone in the regenerator whicHirectly affect temperatures and other
parametersTherefore, keping appropriateeactorfegeneratotemperatureplays a key role
in operatingthe FCC unit ina satisfactory performancEor thereactor objective function:
minimizing reactortemperature,

- ElY Y a on Yy a 01 Y a YO

T8t Q@ 0N Y Ta 0n a 01 (5.38)
Equality constraints:

a a a a a L1 (5.39)

Side constrairstarein Table 5.1.
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For the postombustion regeneratabjective function: minimizing regenerator temperature,
- ETYy Y a 6n Y Y @ 6 1) YooY

a YO T8t 1 YO T a 0N a 0N

(5.49)

Equality constraints:

a a a a 1S (5.40)
Sideconstraint aren Table 5.2.

For the oxycombustion regeneratsdmeheat, objective function: minimizing regenerator

temperature,

- Efy Y a 6n Y Y o« 6 1 YooY
a YO i YO Ta 01 a 01
(5.41)

Equality constraints:
a a a a L1 (5.42)
Side constraintsas in Table 5.2.

Forthe oxycombustion regeneratesdmevolume objective function: minimizing regenerator

temperature,
- ETY Y a o6n Y Y a 6 1 Yoy
a YO mr YO T a 6 1 a 6 1 (5.0

Equality constraints:

0 O o) "0 T (5.44)
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Side constraintsas in Table 5.2.
Tables 5.3 & 5.4 representoptimal values of the postand oxycombustion systems

respectively.

5.4.3 RGA of the FCC Unit
15 combinations of the RGAeavefound in the FCC systems shownin Tables 5.5 & 5.6

Only8casesver e accepted because of their iIinteract

the postcombustion system, the values are as follows:

0 TP 1L PH W PO pdp T TRV
PHUL CBUL T TG pR O TX
While forthe oxycombustion system of both constant heat and volume are as follows:

q P8P TIHU P p ¢Ho ppT TU o
PE T CBUL Q@ T&EC pg O TEYX

p T

It can be observed from RGA results that some flowrates have large effects on
reactor/regenerator temperatures such as flowrates of air, regenerated catalyst and spent

catalyst.
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Table 5.1: Lower/Upper limits of the reactor using peand oxycombustion systems.

Limits | Air/Oxygen Feed | Flue Gases| Products| Regenerated Catalysf Spent Catalyst
Postcombustion
Lower 636.83 4,420.6 948.78 4,201.0 20,983.0 18,493.0
Upper 7,667.2 5,905.1| 5,029.9 5,241.6 27,233.0 26,597.0
Oxy-combustion / same heat
Lower 715.92 4,420.6 1,006.4 4,201.0 20,982.0 18,460.0
Upper 7,536.4 5,905.1 5,052.7 5241.6 27,233.0 26,617.0
Oxy-combustion / same volume
Lower 714.7 4,420.6 969.32 4021.0 20,982.0 18,460.0
Upper 7,538.4 5,905.1 5,017.4 5,241.6 27,233.0 26,617.0

All values are irkg/min.

Table 5.2: Lower/Upper limits of the regenerator using pastd oxycombustion systems.

Limits | Air/Oxygen Feed | Flue Gases| Products| Regenerated Catalysf Spent Catalyst
Postcombustion
Lower 921.08 3,660.0( 2,928.9 4,469.9 22,039.0 19,037.0
Upper 7,667.2 5,905.1 5,029.9 5,241.6 27,233.0 26,597.0
Oxy-combustion / same heat
Lower 990.83 3,660.0 2969.4 4,469.9 33,039.0 19,037.0
Upper 7,536.4 5,905.1 5,052.7 5,241.6 27,233.0 26,617.0
Oxy-combustion / same volume
Lower 989.73 3,660.0( 2,933.2 4,469.9 22,039.0 19,037.0
Upper 7,538.4 5,905.1 5,017.6 5,241.6 27,233.0 26,617.0

All values are in kg/min.
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Table 5.3: Optimal values of the reactor using poshd oxycombustion systems.

Feed Products Regenerated Catalyst Spent Catalyst FeedTemperature
Postcombustion
4420.6 5241.6 20,982 26,597 204
Oxy-combustion / same heat
4420.6 5241.6 20,982 26,617 204
Oxy-combustion / same volume
4420.6 5241.6 20,982 26,617 204

Table 5.4: Optimal values of the regenerator using pasid oxycombustion systems.

Air/ Oxygen | FlueGases | Regenerate@atalyst Spent Catalyst| Air/OxygenTemperature
Postcombustion
3286 3492.1 23337 23543 450
Oxy-combustion / same heat
3286 3528 23337 23543 450
Oxy-combustion / same volume
3280 3492.1 23337 23543 450
All values are in kg/min except temperature i8Gn
Table 5.5: RGA values using a pesbmbustion system.
o a o] a a o]
YOb T nnrm@®mmY YO0 T@XXTCoY Y06 T®oXx QoY
@ g Y T ¢ oT® X X ¥ & ¢ o o XY
o] o] o o a o
Y06 Tmpum® PpuY YO0 m@ mr@ Y Y06 TxXT#CcoY
™ PurdpuY T g Y T ¢ ot X XY
a o o] o
Y00 T o xXT® QoY YO0 Tm#®pum PuY
™ @ ot o XY ™ Yur@ p uY
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Table 5.6: RGA values using an oxgombustion systeraf bothsame heat and volume.

a a a a a a
Y06 T8 nmmm® Ty Y06 Tt yxyr#ccY Y06 THoxmeaoY
@ g Y ¢ T X PY ™ @ ot o XY
a a a a a a
YO0 THpoe@PrY YO0 mMnmm@nmny YO0 TxYm@ccY
T YTTE p QY T TTTT@ 7Y @ ¢ @ X PY
a a a a
Y06 THoxm®eaoY Y06 T@poem Pty
™ @ ot o XY YT p QY

5.5 Conclusions

From the results of this chapter, the following conclusions can be drawn:

1. An oxy-combustion systemsan be usedhstead ofa postcombustion one since the
system showedtability.
2. The oxycombustion system resulted in reduced@@issions as is well known.

3. RGA canbe used as a criterion to indicate the most effective variable in the FCC units.
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Chapter 6:

Concl usi dRecoammkndati ons for Fut ur e
The followingconclusions can be drawn from the thesis:

1. According to the capacities and percentages of ammonia removal reshés, t
adsorption kinetics were very fast for the acidBsins while relatively slovior the
neutral or basic zeolites.

2. Thestudied adsorbentsave capacitieapproximately in the range from 0.2 to 0.4
mg/g for target concentrations of 1 mg/L ammonia or less.

3. HCl and NaOH can be used in a desorption process of the LEWATIT and-NALB
respectively.

4. An oxy-combustion system is an effective wayréolucecarbon dioxideemissions
because the process is flexible and stable angdr&dction could be in the range

90-95 %.

The followingrecommendationsan be drawn from the thesis:

1. Examining other types of resins/zeolites for ammonia removal fk@astewaters
using the same procedure as in this thédso, studying other physical and chemical
propertiesn more detaibuch as particle size, surface area, porositynedy result

in better understanding of the mechanisms and limitations.

2. Studyng other isothermsuch asBangham, Elovichjnterparticlediffusion, and

Temkin, especially threparameter isothermsuch as Hill, Sips, and Tatland
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kinetics in the batch process to describe behaviors of the adsorbents that were used

in this thesis in b cases linear and ndimear.

Studyng other modelssuch as @rk, Wolboroska and YooeNelson in the

continuous process to describe breakthrough analysis in both linear atideaon

Studyng side effects of using adsorbents Inying various parameters for
regenerating resinand zeolitessuch as different flowratesoncentration flow

directions, regenerasNaCl or BHSQy) for resins andegenerant (NaCl) for zeolites
Also, finding appropriate treatments thie wastewater pldfter adding adsorbents

since resins make pH acidic while zeolites make it basic.

Using Multi-objective optimization inmplementing carbon capture in FCC units,
for example,objective functios can bemaximizing conversionand minimizing

coke
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Appendix A:

Adsorption Process and Photolysis of Ammonia

Purolite C100H

Zeolite AZLB-Na

First Group

N

Purolite MN500 Purolite C104Plus

Zeolite NM-Ca Zeolite NV-Na

Second Group

Zeolite NV-Na *TM Zeolite AZLB-Ca

AmmoniaSpecific

116



DIAION PK228

Tulsion T-42 NaN-B1-TX

KMI Zeolite

DIAION SK1B

Tulsion T-52 NaBCN-B1-TX

Figure A.1: Adsorbents (Resins/Zeolites).
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