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Summary

The use of constructed wetlands (CWs) for polishing of petroleum refinery wastewater in
Nigeria was evaluated. Secondary treated petroleum refinery wastewater from a refinery
(Kaduna, Nigeria) was characterized with different types of organic and inorganic pollutants
(Chapter 3). Vertical subsurface flow (VSSF) CWs planted with locally available
macrophytes (Cyperus alternifolius and Cynodon dactylon) were designed and built for
polishing of secondary treated refinery wastewater in terms of organic matter, nutrients and
suspended solids removal (Chapter 4). The tertiary treated refinery wastewater did, however,
not meet effluent discharged compliance limits in terms of total suspended solids (TSS),
biochemical oxygen demand (BODs), chemical oxygen demand (COD) and ammonium-N

(NH4*-N) removal.

Typha latifolia planted-VSSF CWs could, however, treat TSS, BODs, COD and NH4*-N in
the petroleum refinery wastewater to below World Health Organization and Federal
Environmental Protection Agency (Nigeria) effluent discharge limits of 30 mg/L for TSS, 10
mg/L for BODs, 40 mg/L for COD and 0.2 mg/L for NH4"-N (Chapter 5). T. latifolia-planted
VSSF CW achieved higher removal efficiencies for all parameters measured in comparison to
C. alternifolius and C. dactylon planted-VSSF CWs. In addition, the T. latifolia-planted
VSSF CW had the best heavy metal removal performance, followed by the C. alternifolius-
planted VSSF CW and then the C. dactylon-planted VSSF CW (Chapter 6). The
accumulation of the heavy metals in the plants accounted for only a rather small fraction
(0.09 - 16 %) of the overall heavy metal removal by the wetlands. Coupling a horizontal
subsurface flow (HSSF) CW to the VSSF CW (hybrid CW) further improved effluent quality
with an overall BODs and PO+ -P removal efficiency of, respectively, 94% and 78%
(Chapter 5).

Diesel contaminated wastewater was treated in the hybrid CWs spiked with three different
nutrient concentrations. Numerical experiments were performed to investigate the
biodegradation of the diesel compounds in the synthetic contaminated wastewater by the
duplex-CWs using constructed wetland 2D. The VF CWs had a higher removal efficiency
than the HFF CWs and the hybrid CW showed higher removal efficiencies in the days with

nutrient application than the days without nutrient application (Chapter 8).



This study showed that VSSF CWs planted with T. latifolia, C. alternifolius and C. dactylon
can be used for the removal of suspended solids, organic contaminants and heavy metals
from secondary refinery wastewater under tropical climate conditions. Especially T. latifolia-
planted hybrid CWs are viable alternatives for the treatment of secondary refinery wastewater
to below standards of the World Health Organization and Federal Environmental Protection

Agency (Nigeria) under the prevailing climatic conditions in Nigeria.
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Samenvatting

Het gebruik van constructed wetlands (CW's) voor het polijsten van afvalwater van
olieraffinaderijen in Nigeria werd geévalueerd. Secundair behandeld afvalwater van een
raffinaderij (Kaduna, Nigeria) bevat verschillende soorten organische en anorganische
verontreinigende stoffen (hoofdstuk 3). Verticale ondergrondse stroming constructed
wetlands (VSSF CW's) beplant met lokaal beschikbare macrofyten (Cyperus alternifolius en
Cynodon dactylon) werden ontworpen en gebouwd voor het polijsten van secundair
behandeld raffinaderijafvalwater, met name verwijdering van organisch materiaal, nutriénten
en zwevende stoffen (hoofdstuk 4). Het tertiaire gezuiverde afvalwater van de raffinaderij
voldeed echter niet aan de lozingsnormen voor totale gesuspendeerde vaste stoffen (TSS),
biochemische zuurstofvraag (BZVs), chemische zuurstofvraag (CZV) en ammonium stikstof
(NH4"-N).

Met Typha latifolia beplante VSSF CW's zouden echter TSS, BODs, COD en NH4"-N in het
afvalwater van de aardolieraffinaderij kunnen zuiveren tot onder de lozingsnormen van de
Wereldgezondheidsorganisatie en het Federale Milieubeschermings Agentschap (Nigeria)
van 30 mg/L voor TSS, 10 mg/L voor BZVs, 40 mg/L voor CZV en 0.2 mg/L voor NH4 -N
(Hoofdstuk 5). T. latifolia beplante VSSF CW behaalden hogere verwijderingsefficiénties
voor alle parameters in vergelijking met C. alternifolius en C. dactylon beplante VSSF CW.
Bovendien hadden de met T. latifolia beplante VSSF CW de beste verwijderingsprestaties
voor zware metalen, gevolgd door de C. alternifolius beplante VSSF CW en vervolgens de C.
dactylon beplante VSSF CW (Hoofdstuk 6). De ophoping van de zware metalen in de planten
vertegenwoordigde slechts een vrij kleine fractie (0.09 - 16%) van de totale verwijdering van
de zware metalen door de wetlands. Het koppelen van een horizontale ondergrondse stroom
constructed wetland (HSSF CW) met de VSSF CW (hybride CW) verbeterde de
effluentkwaliteit met een totale BODs en PO4*-P verwijderefficiéntie van respectievelijk

94% en 78% (Hoofdstuk 5).

Diesel verontreinigd afvalwater werd behandeld in de hybride constructed wetlands met drie
verschillende nutri€éntenconcentraties. Numerieke experimenten werden uitgevoerd om de
biodegradatie van de dieselverbindingen door de duplex-CW's te onderzoeken. De VF CW's
hadden een hogere verwijderingsefficiéntie dan de HFF CW's en de hybride CW’s toonden
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hogere verwijderingsefficiénties in de dagen waarop nutriénten werden gedoseerd (Hoofdstuk
8).

Deze studie toonde aan dat VSSF CWs beplant met T. latifolia, C. alternifolius en C.
dactylon kunnen worden gebruikt voor het verwijderen van gesuspendeerde vaste stoffen,
organische verontreinigingen en zware metalen uit secundair raffinaderijafvalwater onder
tropische klimaatomstandigheden. Met name T. latifolia beplante hybride CW's zijn een
volwaardig alternatief voor de behandeling van afvalwater van secundaire petroleum
raffinage tot onder de normen van de Wereldgezondheidsorganisatie en het Federale

Milieubeschermings Agentschap van Nigeria.



Xiii

Table of Contents

ACKNOWIEAZEMENL .....ceiiiiiiiiieiiecie ettt et et esiaeeabeeesbeenseessneenseas vil
SUINIMATY ...eieeeieee e et e ettt e e e et e e e st ee e e ntaeeeeesssaeeeaanssaeesensssaeesanssneesennnseeens X
SAMENVALIINE. ...ceiviieiiiie ettt etee et ee e ste e et eeesabeeessbeeesseeessseesssaeessseeessseeessseeensseeensseesssens X1
Table Of CONLENLS .....eeruieniiiieiiieiiee ettt sttt b et st e b eaees xiii
Ch. 1. General INtrOAUCLION .........oouiiriiiiiiiieriieeeeee ettt s 1
1.1.  Background of the StUAY .......ccceeviiiiiiiiieiece e e 2
1.2 The Kaduna Refining and Petrochemical Company (KRPC), Kaduna ........................... 3
1.3 Problem StateImMent ... .......oeiuiiiiiiiieiie ettt 4
1.4. Research objectives Of the thesis........cuoviiiiiiiiiiiiiie e 5
1.4.1. General ODJECLIVES ...c..eeuiiruiiiiiiiniieieeteete ettt st 5
1.4.2. SPECIfIC ODJECLIVES .....veviiiiiiiiriieiteteet ettt sttt 5

1.5.  ReESCAICh QUESTIONS ...ccuviiiiiiieciieeciie ettt ettt e et e e et eestae e e taeeearaeesaseeessneaenns 6
1.6.  Significance of the StUAY ......c..cooiiiiiiiiiniieee e 6
1.7.  Outline of the thesiS........cueiiiiiiiiiieie et 8
L.8.  RETETEICES ...ttt ettt ettt e ettt e e aee e e eeee 9

Ch. 2. Constructed wetlands to treat wastewater generated in conventional petroleum refining

INAUSITY: @ TEVIEW ...iiiiiiie ettt eeieeeetiee ettt e esteeestteeeaaeeetaeeensaeeansseeasseeeasseeessseeessseessnsaeessseesnsseenns 13
Abbreviations and NOTALIONS........cco.uiiiiirieiiieeie ettt saeees 15
2.1 INEEOAUCTION ..ttt ettt ettt e bbb esbeesaeeas 16

2.1.1 Petroleum refining WasteWater tYPeS.......c.eeeerueriirienienieniienieetenieenie ettt e seeens 16
2.1.2 Petroleum CONtAMINANLS .........cecueeeiierieeiieiieeieesie et eiee et e seee et e siee b e e eaeeeeesaeeens 18
2.2. Constructed wetlands for treatment of petroleum refining wastewater ........................ 23
2.2.1. Conventional treatment teChNOlOZIS ..........ccccueeviiiiiieniieiieie e 23
2.2.2 Constructed wetland desSign..........cc.eeviiiiiiiiiiiieieeeee e 24
2.3. Removal pathways in constructed wetlands.............occeeriiriieniiiiienieceee e, 38
2.4. Components of constructed wetland treatment .............ccccceevieeeiienieeiienieeeeeee e, 41
2.4.1  The macrophyte COMPONENL.......cccuiriieriieeiieriieeiieneeeteeseeeeteesieeereesaeeseesnaeens 41
2,42 MICTOOTZANISINIS ...cuuvieuiieeuiieiieateenieeeteesseeesseesseesseesseeenseessaesnseesseeanseesssesseensneans 45
243  Role of substrate media of constructed wetlands...........ccccocevieneiiinieniincnnns 48
2.5. Capital, operation and mainteNanCe COSES .......uiervrrerreeerireeiieeeiieeeireeereeeereeesseeeennes 49

2.6, CONCIUSIONS ..ottt e e e e e e et e e e e e e e e e e e e e e e e e e ereaeaaaeens 50



Xiv

2.7. ACKNOWIEAZEIMENL.......coiiiiiiieiiieiieeie ettt ettt et ebe e aaeesbeensaeenseas 51
2.8 RETETEICES ...ttt et sttt sbe et saeens 51
Ch. 3. Characterization of secondary treated refinery effluent..............cccoeeeviieniiiiniieincnnns 71
3.1 INEFOAUCTION c..enieiecieeeee ettt et b et sae e 73
3.1.1  Petroleum effluents ..........cooeiieiiiiiiiiiieiceeeeee e 73
3.2 Materials and methods .........c.ccooiiiiiiiiiiii e 75
3.2.1  Description of experimental Study Sit€ ..........ccccuverieriiiirieniieiienie e 75
3.2.2  Physical and chemical quality characterization ..............cccoeeveeriercieeniienreeneenne. 75
3.2.3  Data @NAlYSIS ..eccuiieiieiieeiieiie ettt e b e sebeebe e raeenbeenens 77
3.3 RESUIES e et ettt e ea 78
3.3.1  Characterization of secondary refinery wastewater...........c.cceeevverveerrrerveeneenne. 78
3.3.2.  Heavy metal concentrations in secondary refinery wastewater......................... 79

3.3.3.  Special organic contaminant concentrations in secondary refinery wastewater 79

3314 MK EEST ettt ettt 80
34, DASCUSSION c..eieutieiitetie et ettt e et et e bt e et ebte e bt e bt e eabeesbeeenbeessteenbeesbeeenseasseesnseenneeans 83

3.4.1 Implication of the discharge of secondary treated refinery wastewater into the

LA (00101 1S) 1L U SRUUROURPRRPSRRPIO 83

3.4.2. Heavy metal content in the secondary oil refinery wastewater .............c...c....... 84

3.4.3 Organic CONAMINANES ........ceuieriierieetiesieeteesteeteesteesteeseaeeteesseeesbeessseenseesseeenseenens 85
3.5 CONCIUSIONS ...ttt ettt et ettt sae et e sae e 85
3.6 ACKNOWIEAZEMENL.......coouiiiiiiiieiii ettt ettt e saeeeas 85
3.7 RETEIEICES ...ttt ettt et e 86

Ch. 4. Vertical subsurface flow constructed wetlands for polishing secondary Kaduna

refinery WasteWater 1N INIZEIIA . .....ccueeeriieeiieeeiieeeiieeeieeeeteeesteeesteeessaeeeeaeesseeessaeessseeessseennns 91
4.1 INEEOAUCTION ..ttt ettt et s e e bt e s e e saeeeaeeas 93
4.2 Materials and MEthOdS ..........cooiiiiiiiiiiiiii e 94

4.2.1 Description of experimental Study SIte .........cccvvveeiuiieriieenieeeie e 94
4.2.2  Refinery effluent SAMPLNG .......ccovviieiiiiiiiiiieeieeeeeee e 95
4.2.3  Constructed wetland design and operation ............cceceeveeeieenieesiienieenieenie e 95
4.2.4  Bacteriological sampling and analysis..........ccecceeveiriiieriieiienieeiieie e 96
4.2.5  Data analySiS ....ccoieeeiieeiieiieeie ettt ettt et eate b seeeenneas 98
4.3 RESUILS .ot ettt ettt ettt et saeen 98

43.1 Treatment efficiencies 0f the VSF - CWS oo 98



XV

4.3.2  Properties of bacterial isolates in wastewater, gravel and root media.............. 100
4.4 DISCUSSION ..ottt ettt ettt ettt e bt et s bt et et e sb e e bt et e ebee bt eatesaee bt enbeeseenseenee 105
4.4.1  Vertical subsurface flow CW for petroleum secondary effluent treatment ..... 105
4.4.2  Bacteriological analysis of subsurface flow constructed wetlands.................. 106
4.5 CONCIUSIONS ...ttt ettt ettt et sb e bt et e s bt et et sae e bt enbeeseenbeenee 106
4.6 ACKNOWIEAZEMENL.........ooiiiiiiiiiiieiieiie ettt et e e saeebeesaeeenseees 107
AT RETETEICES ...ttt ettt ettt st e she e et e e bt e et e e saeeenbeeeee 107

Ch. 5. Optimization of petroleum refinery wastewater treatment by vertical flow constructed

wetlands under tropical conditions: plant species selection and polishing by a horizontal flow

CONSLIUCTEd WELIANAS ...ttt et 113
I O 6313 (0T L1 o150 OSSOSO 115
5.2 Materials and methods .........cocuiiiiiiiiiie s 117

5.2.1 Description of experimental Study SIte .........cccoveriuierieriiieiieeieerie e 117
5.2.2 Experimental deSIZN ......ccuieuiiiiiiiieiieeiie ettt 117
5.2.3 SamMPLe COLECHION ....ooeuviiiiieiieeiieeiiecie ettt ettt ebe et eesbeesaaeeneees 119
5.2.4 Monitoring the growth of Typha latifolia in VSSF and HSSF CWs..................... 119
BTN T N o 1 7] 1SR 120
5.2.6 Performance of constructed wetlands based on mass balance calculations .......... 120
5.3 RESUILS .ttt ettt ettt 121

5.3.2 Physicochemical wastewater parameters..........ccueerveeerveeerieeeireeeiieeenieeesreeenneens 122
5.3.3 TUIDIAILY .ottt ettt ettt et beenees 122
5.3.4 Total suspended SOLIAS........cueiriiiiiriiiiiii e e s 124
5.3.5 Biological and chemical oxygen demand.............ccceeeviieeiiieeiiieeieeeee e 125
5.3.6 Nitrogenous COMPOUNAS ........eevurreriiireriieeniieesieeesteeesreeesereeessreessneesseeesseeesssees 127
5.3.7  PROSPRALE ...ceeieiiieiiee e et 129
5.3.8  Relationship between organic mass loading rates and mass removal rates..... 130
5.3.9  HSSF CW (Stage 2) of the hybrid treatment systems...........cccecuvevveeieeneeennen. 132
5.4 DISCUSSION ...cueuiiiitieiteeit ettt ettt ettt ste et eb e bt et sae e s bt et e bt e bt eatesatenbeenbe e st e nbeensesanens 133
5.4.1 Efficiency of the VSSF-HSSF CWs in improving the quality of the secondary
TEfINETY @FfTUCIE ....eiiniiiiii et 133

54.2  Role of T. latifolia planted VSSF CWs in the optimization of the treatment
system 136



XVi

543  Removal efficiency of the HSSF CW treatment systems ...........ccccceevveenerennnnn. 137
544  Performance of T. latifolia in the VSSF-HSSF CWSs .....ccoveviieiiiiieiiceeien. 138
5.4.5  Physicochemical wastewater characteriStiCs..........ccverreerieerieeiieenieeiieneeennenn 138
5.5 CONCIUSIONS ...ttt sttt sttt et e bt et et e st e nbeenees 138
5.6 ACKNOWIEAZEMENL........cccuiiiiiiiieiiieiiece et ettt et eebeesaaeeneeas 139
5.7 RETETEICES ...ttt ettt ettt sttt et b et et s e naeenees 139

Ch. 6. Fate of heavy metals in vertical subsurface flow constructed wetlands treating

secondary treated petroleum refinery wastewater in Kaduna, Nigeria........ccccccevvveeveeneennen. 147
6.1 INETOAUCTION ...ttt ettt et sb et et e st enaeenees 149
6.2 Materials and mMethOds ..........coouiiiiiiiiiiieeee s 150

6.2.1 Experimental deSIZN ......cccuieiuiiiiieiieeieeiie ettt ettt e saee e 150
6.2.2  Water and plant SAMPIING .......cceeecvieriiiiiiieiieeiieee e 151
6.2.3  Analytical MEthOdS ........c.ceviiiiiiieiieieceee s 151
6.2.4 Treatment efficiency of vertical subsurface flow constructed wetlands ............... 152
6.2.5 Bioaccumulation factor in plant Parts............ccceeeeveereeeiieenieerieenie e 152
6.2.6 Translocation faCOT .......ccueiiuiiiiiiieie et 152
0.3 RESUILS ..ttt ettt sttt et earean 153
6.3.1 Heavy metal removal from the refinery wastewater ............cceccvevevveenciveencieeennnenn. 153
6.3.2 Plant height and ShOOLS .......coeeiiiiiiiiiiiiiec e 155
6.3.3 Plant contribution to heavy metal removal in VSF-CWs .......cccccccoviininiinennnnnnn. 155

6.3.4 Heavy metal concentrations, translocation and bioaccumulation in plant parts.... 156

0.4, DISCUSSION ..cuiiiiiiiiieieeitett ettt ettt sb et et sb et st sb e et eatesbeebe s e saeenaeeanes 156
6.4.1 Heavy metal removal from secondary refinery wastewater by VSF-CWs ........... 156
6.4.2 Relationship between heavy metal removal by plants and removal by VSF-CWs
........................................................................................................................................ 161
6.4.3 Bioaccumulation and translocation of metals in wetland plants ..........c..ccccceeenee. 162

6.5 CONCIUSIONS ....oiniiniiiiiieiiet ettt st 166

6.6 ACKNOWIEAZEMENL.......coouiiiiiiiiiiiieee et et e eneeas 166

6.7 RELEIEINCES ...ttt 166

Ch. 7. Vertical subsurface flow constructed wetlands for the removal of petroleum
contaminants from secondary refinery effluent at the Kaduna refining and petrochemical
company (Kaduna, NIZETIA)........cecierierriierieeitieniieeieesiie et esite e eseeeeseesieeeseessaesseesseesnseenens 173

7.1 TOETOAUCTION . e e e e e e e e e e e e e e e e e e e e e e e eeaaaeans 175



XVii

7.2 Materials and methOods ..........coouiiiiiiiiiiiieee e 176
7.2.1 EXPETIMENT SET UP ..uvveeuvieeiieiieeieetieeteesieesteeteeeaeesseessseesseeesseesseesnseessseanseesseesnsens 176
7.2.2. SAMPLING c.eeieiiiiiiieiieeie ettt ettt ettt et e et et e e b e e staeenbeestaeenbeennaeenreas 178
7.2.3  ANALYSIS.ccuiiiiiiiie ettt et et s beenaaeenbeenaaeenreas 178
7.2.4 CalCULAtIONS ..c.veeueieiiiiieieeieeit ettt sttt ettt sbe et st sbe e eaees 180

7.3 RESULLS ..ttt ettt sttt b ettt aeeaees 181
7.3.1. Physicochemical parameters of VSF CW influent and effluent.......................... 181
7.3.2  Removal of TSS and COD........coooiiiiiiiiiieieee e 182
7.3.3.  Petroleum contaminant removal .............cccceeriiiiiiiiiiiiiieeee e 183
7.3.4 Nutrient removal by VSF CW ..o 184
7.3.5. Growth of Typha latifolia in the VSF CW ......cccceiiieiiiieciceeeeeeee 185
7.3.6 Concentration of contaminants in Typha latifolia tissue............cccceceeeveieireennnnen. 186
7.3.7 Bioaccumulation and translocation factors............cecceeveveerieniieenieniiieieeeeee e 188

T4, DISCUSSION c..iutieiieetie ettt ettt et e ettt et e et e et e e sateeabeesateenbeesateenseesseeenbeesateenseesnseenseas 189
7.4.1.  Performance of constructed wetlands for treatment of petroleum contaminants

189
7.4.2.  Bioaccumulation and translocation of petroleum contaminants in plant parts 191
743  CW effluent quality: TSS and COD .......ccccoeiiiiiiiiiiiieeeeeee e 192
7.4.4. CW effluent quality: physicochemical parameters............cccceeveverieeieeneennen. 193

7.5. CONCIUSIONS ...ttt ettt ettt ettt ettt st sb et eatesb e et e e e saeenaeeanes 194

7.6 ACKNOWIEAZEMENL........oeiiiiiieiiieciie e et e e e e ee e 195

77T RELETEIICES ...ttt ettt sa e st e st et esaeeeaeeas 195

Ch. 8. Performance evaluation of duplex constructed wetlands for the treatment of diesel

CONtAMINALEA WASTEWALET .......eiiiiiiiiiiieiie ettt ettt st sb e et sae e st e b e sabeeneee 201
8.1 INtrOAUCTION ...ttt et sttt ettt 203
8.2 Material and MethOds..........coueriiiiiiiiiriieeieceee e 205

8.2.1 EXPErimental SETUD ......eevuieeiieriieeiieiiie ettt ettt ettt et ete et esnbeeseeesseesaee e 205
8.2.2.  Preparation of synthetic diesel refinery oil effluent............c.cccoceevininnninnns 207
8.2.3 Wastewater sampling and analysis .........cccceeeeueerieriiienieeiiienie e 207
8.2.4 Numerical EXPErimeNtS ........ccccueeuieriiiiiieiieeiiesiie et eete et see et et seeeste e ens 208
8.3 RESUILS ..ttt sttt 210
8.3.1 Water qUality ParameEterS.......cccueeuierieiiiieriieeiiesie et e eite et e sieeeteesieeebeesereeseesaaeens 210

8.3.2 OrganiC POIULANTS. .....cccuviieiiieeciee ettt et e e e s e e s e e snbeeesaseeeasee s 210



XViii

8.4 DISCUSSION ...cueuiiietieite ettt ettt ettt st ste ettt e bt et satesb e et e e st esbeentesetenbeenbeeneenbeensesenens 221
8.4.1  Constructed wetlands for treatment of diesel contaminated wastewater ......... 221
8.4.2  Single stage versus hybrid CW SYSteM........cccueecuierieriiieniieeiienie e 224
8.4.3.  Effect of nutrient addition on duplex-CW performance..............ccccecvereuvennnnne 227
8.4.4  Physical-chemical characteristics of secondary refinery wastewater .............. 228
8.5 CONCIUSION. ..c.eeuiiietiete ettt et ettt ettt be et st et e et e e st e sbeensesanens 229
8.6 ACKNOWICAZEMENL........cciiiiiiiiecciee ettt e e et e e s e e e b e e s ebeeesnreeeenns 229
8.7 RETETEICES ...ttt ettt ettt e sttt e et e bt e sabe e ateebeesaeeenseas 229
Chapter 9. General discussion and OULIOOK............cccuierirriiiiriieiiieiie et 237
0.1, INTFOAUCHION ..ottt sttt sttt et sbe et et e s e nbeenees 238
9.2. Petroleum refinery wastewater characterization ............cc.ecveeeeerieenieeneeseeesieeneeenneen 239
9.3. Wastewater treatment by constructed wetlands ............cccoeeiereiieniiniiiiiieeieeeeeeeen 246
9.3.1.  Vertical subsurface flow constructed wetlands (VSSF CWs) ......ccccecveernen. 247
0.3.2.  MACTOPRNYLES ...ceueieeuiieiieet ettt et ettt et st e et e et e et e e sateeabeesaeeeneeas 248
9.3.3 Hybrid constructed Wetlands ...........ccceeiiiiiiiiiiniieeeee e 250
9.4. Implications for application by petroleum refining industry ..........ccccceceevervieneenennne. 253
9.5. Scaling up of constructed wetland for treating petroleum refinery effluent ............... 254
0.5.1.  DeSIZN PATAMELETS....cuuvieueieriieeiieeiieeiee et eite et esttesteesteeebeesseesnbeesseeenseesaeesnseas 254
9.5.2. Operation and MAINTENANCE..........coeerueriiriiiieieneeie ettt eaees 259

9.5.3.  Cost implication for siting a subsurface flow constructed wetland to polish the
secondary treated Kaduna refinery wastewater ............ccoevveviienieeiiienieeiieieeeeee e 262

9.6. Outlook: Application of constructed wetland treatment technology to KRPC effluent

............................................................................................................................................ 263
0.7 RETETEICES ...ttt ettt sttt et sttt et b ettt e b e 263
F N 08157 116 D USSP 271
LiSt Of PUDIICALIONS ...eeiiiieiiieeiiie ettt et e et e et e e etae e s eesssaeesnseeennseens 275
Conference ProCeeAING .......ccueeiuiiiiiiiieeiiee ettt sttt sbe e s e enbee e 276
ADOUL the QULNOT ....coiiiiiiic et 278

Acknowledgements of financial SUPPOTL .......cc.eeeeuiiiriiiiiiiie e 279



Ch. 1. General Introduction



2 | Treatment of petroleum refinery wastewater with constructed wetlands

1.1. Background of the study

Nigeria is faced with rapid urbanization and industrialization which is producing huge
amounts of industrial wastes with little or no regulations on their handling. These industrial
wastes are disposed on arable lands and in rivers (Sikder et al., 2013; Saien, 2010; Agbenin et
al., 2009). Waste contributes to a variety of toxic effects on living organisms in the food
chain by bioaccumulation and biomagnification (Jadia and Fulekar, 2009). The accumulation
of discharged of unwanted industrial by-products released into the environment without
treatment is harmful (Agarry et al., 2008; Akpan et al., 2008). Effective treatment is needed
before industrial wastewaters are discharged into the environment or reused for irrigation,

livestock, groundwater recharge and for many other purposes (Spacil et al., 2011).

Oil exploration and exploitation activities have contributed to the economic growth of
Nigeria but has also resulted in several incidences of oil spills causing increased
environmental pollution and degradation (Eyo-Essien, 2008). It was estimated by Kadafa
(2012) that 9 - 13 million barrels of oil have been spilled into the Niger Delta of Nigeria, the
largest wetland in Africa, in the last 50 years and a total range of 0.7-1.7 million tons of
petroleum have been discharged into the oceans, seas and rivers through anthropogenic
activities. Oil spills can lead to displacement of air pore spaces in soil particles (Mustapha et
al., 2015), causing wide deforestation and pollution of both water bodies and terrestrial
ecosystems (Mmon and Deckor, 2010; Jadia and Fulekar, 2009; Li and Yang, 2008),

eventually resulting into global environmental issues (Xia et al., 2003).

Large volumes of fresh water are extracted and consumed for use by petroleum industries in
the process of refining crude oil and as cooling agent (Saien, 2010; Shpiner, et al., 2009;
Allen, 2008). Similarly, large volumes of wastewater are generated (Mustapha et al., 2015).
Diya'uddeen et al. (2011) reported that the produced refinery effluent during processing
amounts to 0.4 - 1.6 times the amount of crude oil processed, and that this estimate is based
on the yield of 13 million m® (84 million barrels per day) of crude oil and a total of 5.3

million m® of effluent is generated globally.

Scientists and engineers have been investigating the ability of plants as remediation
alternatives for treating a wide variety of pollutants in contaminated waters (Mustapha et al.,
2015; Marchand et al., 2010; Jadia and Fulekar, 2009; Imfeld et al., 2009). Natural treatment
systems are environmentally friendly and use solar-driven biological processes to treat

pollutants (Wenzel, 2009). They provide a less intrusive approach than the harsh
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conventional methods like incineration, thermal vaporization, solvent washing or other soil
washing techniques, which can destroy the biological component of the soil or change the
chemical or physical characteristics of the soil (Lin and Mendelssohn, 2009; Hinchman et al.,

1996).

1.2 The Kaduna Refining and Petrochemical Company (KRPC), Kaduna

The Kaduna Refining and Petrochemical Company (KRPC) is located in Kaduna State
(Nigeria). Kaduna state is situated in the Northern guinea savannah ecological zone of
Nigeria. It lies between Latitude 9 ° N and 12 ° N and Longitude 6 °E and 9 ° E of the prime
meridian. The climatic condition is categorized by constant dry and wet seasons. The rains
begin in April/May and ends in October, while the dry season starts late October and stops in
March of the subsequent year. The mean annual rainfall is between 1450 - 2000 mm with a
mean daily temperature regime ranging from 23 to 25° C, and a relative humidity varying
between 20 and 40% in January and 60 and 80% in July. It has a solar radiation ranging
between 20.0 - 25.0 Wm™ day! (Mustapha et al., 2015; Emaikwu et al., 2011).

KRPC occupies a land area of 2.89 square kilometers approximately 15 km Southeast of
Kaduna city with an elevation of approximately 615 m above mean sea level (Bako et al.,
2008). It was commissioned in 1980, with an initial capacity of 100,000 Barrels per Stream
Day (BPSD) as the third refinery in Nigeria in order to cope with the tremendous and
growing demand for petroleum products (Bako et al., 2008). It has a Fuel Plant Crude
Distillation Unit I (CDU I) and a Lube Plant Crude Distillation Unit IT (CDU II) (Jibril et al.,
2012). The Fuel Plant was designed to process 50,000 BPSD, it was later increased by an
additional 60,000 BPSD bringing the total refinery installed capacity to 110,000 BPSD (Jibril
et al., 2012; Bako et al., 2008). It processes Escravos light crude oil and Ughelli Quality
Control Centre (UQCC) crude oil while the Lube plant has capacity to process 50,000 BPSD
of imported paraffin rich crude oil for the manufacture of lubricating oils. The crude oils
available in Nigeria cannot produce the whole range of fractions for the production of
lubricating oils, hence Nigerian National Petroleum Corporation (NNPC) imports from

Venezuela, Kuwait or Saudi Arabia (Jibril et al., 2012).
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Imagery Date: 12/10/2012 10924'28.481 N.  7929'34.74" E "elev. 2041 ft eye alt:15183 ft o

Figure 1.1: Google map of Kaduna refining and petrochemical company (KRPC), Kaduna. Note: S —
Experimental site and R- Romi River.

1.3 Problem statement

Contamination of water and lands by petroleum chemicals is a global issue and is of
particular concern in developing countries such as Nigeria where industrial pollution is one of
its major problems. In addition, the release of untreated or partially treated petroleum refinery
effluents into the environment leads to pollution of the terrestrial and aquatic ecosystems, an
unaesthetic environment, high cost of wastewater treatment, loss of farmlands, fishes,
portable water and means of the livelihood particularly in the oil polluted-affected

community.

The polluted sites are fast increasing and need to be addressed by low cost and effective
technology such as constructed wetlands (CWs) (Schroder et al., 2007). CW technology is
ecologically friendly and a more economical and easier way of treating wastewater. However,
the use of CWs to treat hydrocarbon contaminants in refinery wastewater and other
wastewater types in Nigeria is relatively new as compared to conventional treatment systems.

The use of CWs has also been largely ignored by developing countries.

CWs have been used for decades for the treatment of different types of wastewater and have
been recognized as a reliable wastewater treatment technology. They represent a suitable

solution for treatment of many types of wastewater (Vymazal, 2011). There is a need,
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therefore, to use CWs to treat petroleum-contaminated wastewater in developing nations such
as Nigeria where good water quality and resources are scarce and effective low cost
wastewater treatment strategies are critically needed. Existing technologies do not
sufficiently address the increasing pollution situation, also some chemical approaches such as
advanced oxidation steps cannot be adopted by most wastewater treatment plants (Schroder et

al, 2007).
1.4. Research objectives of the thesis

1.4.1. General objectives

Typha latifolia and Phragmites australis is commonly used for petroleum wastewater
treatment. Few works on treatment of petroleum contaminated wastewater have been reported
on Cyperus alternifolius and none on Cynodon dactylon (L.) Pers. to the best of the author's
knowledge. This study, therefore, seeks to examine the suitability of T. latifolia, C.
alternifolius, C. dactylon and P. australis, for the treatment of petroleum refinery wastewater.
Thus, the overall aim of this study is the polishing of secondary refinery effluent to below
compliance limits recommended by regulating authorities before discharge into environment

or for reuse purposes.

1.4.2. Specific objectives
In order to address the problems above, the following specific objectives of this research

work are to:

1. Characterize the effluent from the Kaduna refining and petrochemical company
(KRPC) at the point of discharged into the Romi River (Chapter 3);

2. Design, construction, operation and monitoring of planted and unplanted VSSF,
HSSF and hybrid CWs (Chapters 4 and 5);

3. Examine the effectiveness of T. latifolia, C. alternifolius and C. dactylon for the
treatment of petroleum-contaminated wastewater with respect to nutrient
(ammonium, nitrate and phosphate), organic pollutants (BOD, COD, TPH, phenol,
oil & grease) and heavy metals (Cr, Cd, Pb, Cu, Zn and Fe) (Chapters 4, 5, 6 and 7);

4. Examine the colonization characteristics of the microorganisms' active in the

rhizosphere (Chapter 4);
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1.5.

5. Determination of bioaccumulation and translocation factors of T. latifolia, C.

alternifolius and C. dactylon (Chapters 6 and 7) and

6. Use duplex CWs planted with P. australis to treat petroleum contaminants (BTEX

compounds) (Chapter 8).

Research questions

In designing, constructing, and operating the experimental wetlands to solve the identified

problems, this study seeks to answer specific questions that may arise such as:

Can constructed wetlands effectively and efficiently treat petroleum-contaminated
wastewater to compliance limit?

Are emergent macrophytes (Typha latifolia, Phragmites australis, Cyperus
alternifolius and Cynodon dactylon) suitable for the treatment of petroleum-
contaminated wastewater?

What are the roles of the different components of constructed wetlands in removal of
the pollutants of interest?

Which are the most important processes associated with pollutant removal in
constructed wetlands?

What are the possibilities of modeling and simulating the contaminant removal
potentials of this natural treatment system?

What is the possibility of acceptance of this technology by petroleum and

petrochemical related industries particularly in developing countries?

In order to achieve the specific objectives of this research, and find answers to the research

questions raised, four experiments were designed consisting of five experimental phases.

These phases are defined based on the specific objectives.

1.6.

Significance of the study

The treatment of petroleum contaminated water with CWs using a vertical and horizontal

subsurface flow system is the main focus of this research work. Therefore, the significance of

this study is:
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1. The study area is in Nigeria. Nigeria is a major oil-producing country. Water and soil
pollution from petroleum processing is a persistent problem in Nigeria. The use of
CWs for treating petroleum-contaminated wastewater is an ecologically friendly
alternative to conventional technologies. This treatment system is especially ideal for

developing nations such as Nigeria where quality water is scarce.

2. The use of CWs for wastewater treatment is an emerging technology in Nigeria, there
is no recorded work to the best of the author's knowledge on the use of this natural
technology for the treatment of petroleum-contaminated wastewater in Nigeria. This
study is an unprecedented research for this type of wastewater in Nigeria. The study
will bring about awareness of the use of constructed wetland treatment system to

Nigeria and contribute to the existing knowledge.

3. CW technology is simple, cost effective, can easily be maintained when compared
with conventional methods. The technology can be adopted for use by oil-producing
industry in Nigeria and other developing nations where effective, low cost

wastewater treatment strategies are critically needed;

4. The research will assist in reducing the level of hazardous constituents into water
bodies as well as soil and assure improved wastewater quality by the discharge of

treated wastewater into the environment;

5. The adequately treated wastewater from CW systems can be reused and/or safely
discharged into water bodies, this can drastically reduce the cost of production of

potable water;

6. Fewer polluted water bodies will ensure an environment that is conducive for fishes
and all forms of aquatic life as well as improve the livelihood of the polluted-affected

community;

7. Health problems and diseases associated with the discharge of untreated or

inadequately treated wastewater will be minimized.
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1.7. Outline of the thesis

This thesis has been divided into nine chapters.

Chapter 1 gives a background to the dissertation including the problems associated with use
of conventional techniques for refinery wastewater treatment. It also gives the objectives to
be addressed, research questions as well as the description of the study site and outline of the

thesis.

Chapter 2 reviews the relevant literature on the use of CWs and conventional treatment
systems for refinery wastewater treatment. In addition, it gives an overview of the roles of the
components of CWs and types of CWs. Furthermore, it put emphasis on the benefits of CWs

for developing countries.

Chapter 3 presents the characterization of effluent from Kaduna refining and petrochemical
company (KRPC), Kaduna (Nigeria). The generated data give baseline information on the
quality of effluent discharged by KRPC. The results show that conventional treatment
methods cannot properly remove all the contaminants of concern in their treated refinery

effluents.

Chapter 4 describes the design, experimental setup, plant establishment, operation and
monitoring of vertical subsurface flow constructed wetlands (VSSF CWs). Data from influent
and effluent parameters from two locally available macrophytes (Cyperus alternifolius and
Cynodon dactylon) planted VSSF CWs in terms of temperature, pH, COD, BOD, nutrients,
TDS are presented in this chapter.

Chapter 5 presents the optimization of the performance of Cyperus alternifolius and Cynodon
dactylon treatment wetlands by introducing a third plant Typha latifolia in combination with
a horizontal subsurface flow constructed wetlands (HSSF CWs). This chapter present an

improved performance combined with the existing data.

Chapter 6 describes the fate of heavy metals in CWs in phytoremediation of heavy metals
from refinery wastewater stream. Bioaccumulation and translocation factors of T. latifolia, C.

alternifolius and C. dactylon are presented here.

Chapter 7 presents treatment of petroleum organic pollutants (TPH, phenol and oil and

grease) by VSSF CWs. Based on the results from chapter 5, T. latifolia was chosen for this
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experiment. Bioaccumulation and translocation of the contaminants of concern in plant parts

were determined.

Chapter 8 describes the treatment of simulated refinery wastewater with duplex constructed
wetlands. Effect of the addition of nutrients on the performance of duplex-CWs for the
removal of petroleum compounds in simulated refinery effluent were considered in this

chapter.

And finally, Chapter 9 integrates the outcomes of the thesis, compares and discusses the

results from the different chapters as well as provides some general conclusions.

1.8. References

Agarry, S. E., Durojaiye, A. O., Yusuf, R. O., Solomon, B. O., Majeed, O. (2008).
Biodegradation of phenol in refinery wastewater by pure cultures of Pseudomonas
aeruginosa NCIB 950 and Pseudomonas fluorescence NCIB 3756. International
Journal of Environmental Pollution 32(1): 3-11. doi:10.1504/1JEP.2008.016894

Agbenin, J. O., Danko, M., Welp, G. (2009). Soil and vegetable compostional relationships
of eight potentially toxic metals in urban garden fields from northern Nigeria. Journal
of Science, Food and Agriculture 89(1): 49-54. doi:10.1002/jsfa.3409

Akpan, U. G., Afolabi, E., Okemini, K. (2008). Modelling and simulation of the effects of
Kaduna refinery and petrochemical company on River Kaduna. AU Journal of
Technology 12(2): 98-106.

Allen, W. E. (2008). Process water treatment in Canada's oil sands industry: II. A review of
emerging technologies. Journal of Environmental Engineering and Science 7:499-524.
doi:10.1139/S08-020

Bako, S. P., Chukwunonso, D., Adamu, A. K. (2008). Bioremediation of refinery effluents by
strains of Pseudomonas aerugenosa and Penicillium Janthinellum. Journal of Applied
Ecology and Environmental Research 6(3): 49-60. Retrieved from
http://www.ecology.uni-corvinus.hu.

Diya'uddeen, B. H., Wan Daud, M. A., Abdul Aziz, A. R. (2011). Treatment technologies for
petroleum refinery effluents: A review. Journal of Process Safety and Environmental

Protection 89: 95-105. doi:10.1016/j.psep.2010.11.003



10 | Treatment of petroleum refinery wastewater with constructed wetlands

Emaikwu, K. K., Chiwendu, D. O., Sani, A. S. (2011). Determinants of flock size in broiler
production in Kaduna State of Nigeria. Journal of Agricultural Extension and Rural
Development 3(11): 202-211. ISSN- 2141 -2154. http:// academicjournals.org/JAERD

Eyo-Essien, L. P. (2008). Oil spill management in Nigeria: Changes of pipeline vandalism in
the Niger Delta Region of Nigeria. Abuja-Nigeria: National Oil Spill Detection &
Response Agency (NOSDRA). Retrieved from
http://ipec.utulsa.edu/Conf2008/Manuscripts%20%20received/Eyo Essien 2.pdf

Hinchman, R. R., Negri, M. C., Gatliff, E. G. (1996). Phytoremediation: using green plants to
clean up contaminated soil, groundwater. International Tropical Meeting on Nuclear
and Hazardous Waste Management. Spectrum 96, Seattle, WA: American Nuclear
Society.

Imfeld, G., Braeckevelt, M., Kuschk, P., Richnow, H. H. (2009). Monitoring and assessing
processes of organic chemicals removal in constructed wetlands. Chemosphere 74(3):
349-362. doi:10.1016/j.chemosphere.2008.09.062

Jadia, C., Fulekar, M. (2009). Phytoremediation of heavy metals: Recent techniques. African
Journal of Biotechnology 8(6): 921-928.

Jibril, M., Aloko, D. F., Manasseh, A. (2012). Simulation of Kaduna refining and
petrochemical company (KRPC) crude distillation unit (CDU I) using Hysys.
International Journal of Advanced Scientific Research and Technology 1(2): 1-6.

Kadafa, A. A. (2012). Oil exploration and spillage in the Niger Delta of Nigeia. Civil
Environmental Research 2(3): 38-51. Retrieved from www.iiste.org

Li, M. S., Yang, S. X. (2008). Heavy metal contamination in soils and phytoaccumulation in
a manganese mine wasteland South China. Air, Soil and Water Research 1:31-41.

Lin, Q., Mendelssohn, I. A. (2009). Potential of restoration and phytoremediation with
Juncus roemerianus for diesel-contaminated coastal wetlands. Ecological
Engineering, 35(1), 85-91. Retrieved from
http://dx.doi.org/10.1016/j.ecoleng.2008.09.010

Marchand, L., Mench, M., Jacob, D. L., Otte, M. L. (2010). Metal and metalloid removal in
constructed wetlands, with emphasis on the importance of plants and standardized
measurements: A review. Environmental Pollution, 158(12): 3447-3461.
doi:10.1016/j.envpol.2010.08.018

Mmon, P., Deckor, T. (2010). Assessing the Effectiveness of land farming in the remediation
of hydrocarbon polluted soils in the Niger Delta, Nigeria. Research Journal of Applied
Sciences, Engineering and Technology 2(7): 654-660.



Ch. 1. General Introduction| 11

Mustapha, H. 1., van Bruggen, J. J. A., Lens, P. N. L. (2015). Vertical subsurface flow
constructed wetlands for polishing secondary Kaduna refinery wastewater in Nigeria.
Ecological Engineering 84: 588-595. doi:10.1016/j.ecoleng.2015.09.060

NIMET. (2010). Nigeria Meteorological Agency, Nigeria. Kaduna, Kaduna, Nigeria.

Saien, J. (2010). USA Patent No. Pub. No.: US 20100200515 Al. Retrieved February 2011

Schréder, P., Navarro-Aving, J., Azaizeh, H., Azaizeh, H., Goldhirsh, A. G., DiGregorio, S., .
.. Wissing, F. (2007). Using phytoremediation technologies to upgrade waste water
treatment in Europe. Environmental Science and Pollution Research - International
14(7): 490-497. doi:10.1065/espr2006.12.373

Shpiner, R., Vathi, S., Stuckey, D. C. (2009a). Treatment of "produced water" by waste
stabilization ponds: removal of heavy metals. Water Research 43: 4258-4268.
doi:10.1016/j.watres.2009.06.004

Sikder, M. T., Kihara, Y., Yasuda, M., Mihara, Y., Tanaka, S., Odgerel, D., Mijiddorj, B.,
Syawal, S. M., Hosokawa, T., Saito, T., Kurasaki, M. (2013). River water pollution in
developed and developing countries: Judge and assessment of physicochemical and
characteristics and selected dissolved metal concentration. CLEAN-Soil Air Water
41(1): 60-68. doi:10.1002/clen.201100320

Spacil, M., Rodgers, J., Castle, J., Murray-Gulde, C., Myers, J. E. (2011). Treatment of
Selenium in simulated refinery effluent using a pilot-scale constructed wetland
treatment system. Water, Air, and Soil Pollution 221(1): 301-312.
doi:10.1007/s11270-011-0791-z

Vymazal, J. (2011). Constructed wetlands for wastewater treatment: five decades of
experience. Journal of Environmental Science and Technology 45(1): 61-69.
doi:10.1021/es101403q

Wenzel, W. W. (2009). Rhizosphere processes and management in plant-assisted
bioremediation (phytoremediation) of soils. Plant and Soil 321(1-2): 385-408.
doi:10.1007/s11104-008-9686-1

Xia, P., Ke, H., Deng, Z., Tang, P. (2003). Effectiveness of constructed wetlands for oil-
refined wastewater purification. In P. N. Truong & X. Hanping (Ed.), the 3rd
International Conference on Vetiver and Exhibition : vetiver and water : an eco-
technology for water quality improvement, land stabilization, and environmental
enhancement. Vol. 22, pp. 649-654. Guangzhou: Guangdong Academy of
Agricultural Sciences China Agriculture Press. Retrieved 2011, from

http://trove.nla.gov.au/work/37498028?versionld=48942993



http://trove.nla.gov.au/work/37498028?versionId=48942993

12 | Treatment of petroleum refinery wastewater with constructed wetlands



Ch. 2. Constructed wetlands to treat wastewater
generated in conventional petroleum refining

industry: areview

This chapter has been submitted to a Journal for publication entitled:
Hassana Ibrahim Mustapha., P. N. L. Lens (2018), “Constructed wetland to treat wastewater
generated in conventional petroleum refining industry: A review”



14 | Treatment of petroleum refinery wastewater with constructed wetlands

Abstract

Petroleum refining industries extract large volumes of freshwater for the process of refining
crude oil. Thus, large volumes of wastewater are generated. These wastewaters contain
contaminants that are neurotoxic, carcinogenic and mutagenic. Petroleum related industries
have to comply with strict regulations by regulatory authorities, these have led them to
explore many treatment technologies for effluent management. However, conventional
wastewater treatment technologies have higher energy and capital requirement than
constructed wetland treatment systems. In addition, their processes can lead to incomplete
decomposition of contaminants which can generate by-products that are often toxic to both
humans and the environment. Thus, these by-products require further treatment. This paper
reviews literature specifically on the use of constructed wetlands (CW) systems for treatment
of petroleum contaminated wastewater from conventional oil and gas industry. CWs can
effectively treat multiple contaminants in secondary and tertiary wastewater with less
production of sludge. They also have the advantages of providing an ecologically friendly
approach with low energy demand and operational cost. Therefore, they are a viable
alternative to conventional wastewater treatment systems. Plants, microorganisms, substrate
media and different flow types play important roles in the removal of pollutants from the
refinery wastewater in CWs, however, microorganisms play the most crucial role in the
transformation and mineralization of nutrients and organic pollutants. Many studies reported
significantly higher removal efficiencies of petroleum pollutants in planted compared to
unplanted gravel beds, and that subsurface flow CWs can achieve more biological treatment
than surface flow CWs due to the higher specific surface area of the gravel bed. CWs can be
intensified with forced aeration to enhance aerobic biodegradation rates of petroleum

hydrocarbons in contaminated wastewaters to non-detectable levels.

Keywords: Petroleum, Wastewater, Contaminants, Constructed wetlands, Plants,

Microorganisms, Substrates
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Abbreviations and notations

Abbreviations

API American Petroleum Institute

BOD:s Biochemical Oxygen Demand at 20 °C over 5 days
BTEX Benzene, Toluene, Ethyl-benzene, Xylene
COD Chemical Oxygen Demand

CBODs Carbonaceous biological oxygen demand
COCs contaminants of concerns

CWs Constructed wetlands

FWS Free water surface flow

GRO Gasoline range organics

HLR Hydraulic Loading Rate

HRT Hydraulic Retention Time

MTBE Methyl tert-buthyl ether

NH; Ammonia

O0&M Operation and maintenance

PAHs Poly aromatic hydrocarbons

SF Surface flow

SSF Subsurface flow

TDS Total Dissolved Solids

TPH Total petroleum hydrocarbon

TPH(DRO) Total petroleum hydrocarbon (diesel range organics)
TSS Total suspended solids
TKN Total Kjeldahl Nitrogen
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2.1 Introduction

Petroleum industry

Petroleum is made up of crude oil and natural gas. Crude oil is a complex mixture of
hydrocarbons (Merkl et al. 2006; Abu and Dike 2008). Petroleum refining industry converts
crude oil into finished products (Gousmi et al., 2016) such as transportation fuels (gasoline,
diesel fuel, jet fuel, compressed natural gas and propane) (Gousmi et al. 2016), heating fuels
(propane, liquefied petroleum gas, kerosene, heating oil, and natural gas), sources of
electricity (natural gas and residual fuel oil) and petrochemicals (feedstocks for plastics,
clothing and building materials) (Hamza et al. 2012). Refined products from crude oil
comprise a varied range of compounds such as hydrocarbons, heavy metals, dye additives,
antioxidants and corrosion inhibitors (Adewuyi and Olowu 2012). Consequently, refined
products can show higher toxicity compared to crude oil due to alteration of metal speciation
and the metals added to the matrix during the refining processes (Adewuyi and Olowu 2012).
Based on their differential solubility in organic solvents (Abu and Dike 2008), there are four
major petroleum compounds (Eke and Scholz 2008), namely saturated hydrocarbons (which
are the primary components), aromatic hydrocarbons, resins (pyridines, quinolones,
carbazoles, sulfoxides and amides) and asphaltenes (phenols, fatty acids, ketones, esters and
porphyrins) (Das and Chandran 2011; Eke and Scholz 2008). Hydrocarbons originate from
natural and man-made sources (Achile and Yillian 2010). They are potentially toxic
chemicals, highly soluble and neurotoxic (Achile and Yillian 2010; Eke and Scholz 2008;
Ogunfowokan et al. 2003). Due to their toxicity, aromatic hydrocarbons are of serious
concern (Eke and Scholz 2008; Ogunfowokan et al. 2003), they are highly soluble and have
the ability to readily migrate into groundwater (Eke and Scholz 2008) and the environment
(Grove and Stein 2005). Moreover, these contaminants are not easily degraded by

conventional treatment (Saien and Shahrezaei 2012).

2.1.1 Petroleum refining wastewater types

Petroleum refining industries extract large volumes of freshwater in the process of refining
crude oil and as cooling agent (Nacheva 2011; Saien 2010; Shpiner et al. 2009a; Allen 2008).
Consequently, large volumes of wastewater are generated (Nwanyanwu and Abu 2010;
Diya'uddeen et al. 2011; Hamza et al. 2012; Diya’uddeen et al. 2012; Yu et al. 2013) as a
result of production, storage, distribution and processing of petroleum, or by accidents due to

spills from water/fuel mixtures, oil well drilling, leaks from underground storage or water
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collected from secondary containment and sumps (Saien 2010; Diya'uddeen et al. 2011; Jeon
et al. 2011; Ballesteros Jr. et al. 2016).
The characteristics of petroleum wastewater from different refineries vary from one region of
the globe to another depending on the region in which the crude oil was drilled, type of crude
oil, its chemical composition, the different processes and the employed treatment mechanism
(Valderrama et al. 2002; Wake 2005; Nwanyanwu and Abu 2010; Saien 2010; Nacheva
2011). This has significant impact on the character and quantity of contaminants entering a
given refinery wastewater treatment system.
High rates of consumption of petroleum and its refined products will continue to generate
effluents from petroleum refining processes, which, when discharged into water bodies would
result in environmental pollution (Diya'uddeen et al. 2011; Zhao and Li 2011). The effects of
the discharge of effluents include eutrophication, accumulation of toxic compounds in
biomass and sediments, loss of dissolved oxygen in water (Paul 2011), contamination of
drinking water and groundwater resources, thus endangering aquatic resources and human
health as well as destruction of the natural landscape (Yu et al. 2013).
The types of wastewater stream generated by the petroleum refining industry can be
classified into desalter water, cooling tower, spent catalyst, spent caustic, water used for
flushing during maintenance and shut down, sour water and other residuals (Al Zarooni and
Elshorbagy 2006; Nacheva 2011; Adewuyi and Olowu 2012; EPA n.d.) from desalting,
catalytic cracking, astripping steam, sanitary, lube oil and asphalt (EPA n.d; Al Zarooni and
Elshorbagy 2006). These wastes pose major problems that are a challenge faced by the
petroleum industry, imposing the need to recover oil as well as to prevent the discharge of
oily wastewater into the environment (Veil et al. 2004). Table 2.1 presents the types of
wastewater generated in refining petroleum and their characteristics. These include refinery
wastewater, brackish oilfield produced water, heavy-oil produced water, petroleum
hydrocarbon contaminated water, sour water, produced water and diesel contaminated
wastewater.
Produced water is the largest volume of wastewater generated by the petroleum industry
(Veil et al. 2004; Asatekin and Mayes 2009). It is described as water from an oil well after its
separation from oil in American Petroleum Institute (API) separators (Murray-Gulde et al.
2003; Shpiner et al. 2009a). Refinery wastewater is the wastewater generated from refining

crude oil and manufacturing fuels, lubricants and petroleum intermediates (Mustapha et al.
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2015). Other types of petroleum-contaminated wastewaters may include ballast water from

ships, storm water and runoff from roads (Veenstra et al. 1998).

2.1.2 Petroleum contaminants

Petroleum-contaminated wastewaters contain different types of organic and inorganic
pollutants with varying levels of contamination (Table 2.1). Petroleum wastewater is
characterized by a range of pollutants (Mustapha et al. 2015) including organics, such as
dispersed oil (Shpiner et al. 2009b; Nacheva 2011), oil and grease (Nwanyanwu and Abu
2010; Diya'uddeen et al. 2011) and heavy oil (viscosity > 100 mPas) (Ji et al. 2007),
polycyclic aromatic hydrocarbons (PAH) (Fountoulakis et al. 2009; Uzoekwe and
Oghosanine 2011; Hamza et al. 2012; Tromp et al. 2012), phenols (Agarry et al. 2008;
Otokunefor and Obiukwu 2010; Hamza et al. 2012), and inorganics such as ammonia (NH3)
(Wallace 2001; Mustapha et al. 2015) and heavy metals (Ali et al. 2005; Jadia and Fulekar
2009; Mustapha et al. 2011; Mustapha et al. 2018). Some crude oils contain small quantities
of metals that may require special equipment for refining the crude. In addition, oil and gas
may contain sulphur and carbon dioxide that needs to be removed before marketing
(Uzoekwe and Oghosanine 2011).

Wastes containing petroleum compounds, nutrients and other toxic compounds should be
properly treated prior to discharge into the receiving water bodies (Abdelwahab et al. 2009)
because these substances may pose serious hazards to the environment (Diya'uddeen et al.
2011) as well as their immediate damages to the organisms (Brito et al. 2009). The toxicity of
petroleum refinery effluent has been reported in many studies (Abdelwahab et al. 2009; Das
and Chandran 2011; Diya'uddeen et al. 2011). However, the toxicity depends on a number of

factors, including quantity, volume and variability of discharge (Nwanyanwu and Abu 2010).

2.1.2.1 Organic pollutants

The discharge of wastewater with a high organic matter content into the aquatic environment
results in the depletion of oxygen (Diya'uddeen et al. 2011). Organic pollutants produced by
industrial activity such as BTEX (benzene, toluene, ethylbenzene and xylene) (Wallace 2001;
Mazzeo et al. 2010), PAH and linear alkylbenzene sulfonates (Fountoulakis et al. 2009),
chlorinated hydrocarbons (Haberl et al. 2003), benzene and methyl tert-buthyl ether (MTBE)
(De Biase et al. 2011) have been successfully removed or retained by CW systems (Table
2.1). For example, Mustapha et al. (2015) analyzed secondary refinery wastewater which
contained 106 (£ 58.9) mg/L biological oxygen demand (BOD) and 232 (+ 121.2) mg/L
chemical oxygen demand (COD) in the pretreated influent. Czudar et al. (2011) also analysed
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petrochemical wastewater with measured BOD and COD in the influent ranging between 42
to 131 mg/L in spring, 42 to 144 mg/L in summer and 32 to 101 mg/L in autumn. The
refinery wastewater characterized by Aslam et al. (2007) had concentrations of 109 - 197
mg/L BOD, 200 - 258 mg/L COD and 6 mg/L phenol.
There are fewer publications on the treatment of organic pollutants in petroleum refining
wastewater with CWs compared with other types of wastewater, i.e. domestic, tannery,
textile, abattoir, food processing, agricultural. BOD and COD concentrations are indicators of
the level of organic compounds in a wastewater (Nwanyanwu and Abu 2010). Excessive
level of BOD/COD in wastewater released into water bodies will reduce the level of
dissolved oxygen, and low levels of dissolved oxygen can induce fish kills and reduce
reproduction rates in aquatic life (Biswas, 2013). Also, the presence of high concentrations of
organic pollutants in waste streams are toxic to plants and microorganisms (Knight et al.,
1999). De Biase et al. (2011) investigated volatile organic compounds in contaminated
groundwater next to refineries and chemical plants using vertical flow filters and vertical
flow CWs. Their influents contained 20 (£ 2) mg/L of benzene and 39.0 (£ 0.5) mg/L of
MTBE.
Petroleum refinery wastewater contains aliphatic and aromatic petroleum hydrocarbons at
different concentrations (Saien and Shahrezaei 2012). The analysis of pre-treated refinery
wastewater samples collected at the inlet of the biological treatment unit in the Kermanshah
(Iran) refinery plant by Saien and Shahrezaei (2012) detected COD in the range of 200-220
mg/L, which consisted of methyl-tetrabutyl ether, phenol, 2,3,5,6-tetramethylphenol,
naphthalene, xylene, tetradecane, 4-chloro-3-methylphenol and 3-tert-butylphenol.
Oil and grease (O&QG) clog drain pipes and sewer liners, causing unpleasant odours and also
corrode sewer lines under anaerobic conditions (Diya'uddeen et al. 2011). In addition, O&G
in wastewater can cause depletion of dissolved oxygen and loss of biodiversity in the
receiving water bodies (Mohammed et al. 2013). Polycyclic aromatic hydrocarbons are
highly toxic, carcinogenic and mutagenic to microorganisms, organisms and humans
(Fountoulakis et al. 2009; Zheng et al. 2013). Phenolic compounds are a serious problem due
to their poor biodegradability and high toxicity (Abdelwahab et al. 2009). These compounds
are harmful to organisms at concentrations as low as 0.05 mg/L (Nwanyanwu and Abu 2010)
and carcinogenic to humans (Abdelwahab et al. 2009; El-Ashtoukhy et al. 2013; Zheng et al.
2013). In addition, phenol can reduce the growth and the reproductive capacity of aquatic

organisms (Zheng et al. 2013).
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2.1.2.2 Heavy metals

Metal contamination is a major environmental problem, especially in the aquatic environment
(Chorom et al. 2012; Ho et al. 2012; Papaevangelou et al. 2017). Unlike organic pollutants,
metals in wastewater are not degraded through biological processes (Yang et al. 2006). Many
heavy metals are toxic both in elemental and soluble form (Jadia and Fulekar 2009). The
most toxic metals are Cd, Pb, Hg, Ag and As (Hashim et al. 2011). Several authors have
reported the presence of heavy metals in petroleum-contaminated wastewater (Gillespie Jr. et
al. 2000; Moneke and Nwangwu 2011; Mustapha et al. 2017) as well as their hazardous
effects (Calheiros et al. 2008; Hashim et al. 2011; Qasaimeh et al. 2015).

Cr, Cd and Pb are non-essential elements to plants and cause toxicity at multiple levels
(Calheiros et al. 2008; Mustapha et al. 2018). Cu and Zn are essential elements for organisms
(Song et al. 2011), however, these two metals become poisonous at excessive concentrations
of 1 -2 mg Cu/L and 3 - 5 mg Zn/L in waterbodies (Korsah 2011; Mebrahtu and Zerabruk
2011; Kumar and Puri 2012). In addition, iron (Fe) is important for all forms of life
(Jayaweera et al. 2008). However, excessive doses of Fe > 1.6 mg/L can lead to hemorrhagic
and sloughing of mucosa areas in the stomach of humans (Jayaweera et al. 2008). Ni is an
essential trace element for plant growth and also a known human carcinogen at excessive
levels (Chorom et al. 2012). Cr (VI) exhibits high toxicity, mobility, water solubility
(Papaevangelou et al. 2017) and is carcinogenic (Rezaee et al. 2011). Wastewater that
contains metals should be treated prior to discharge into the environment (Gillespie Jr. et al.
2000; Cheng et al. 2002; Rezaee et al. 2011).

Plants have the natural ability to uptake metals. The removal of heavy metals from CWs is by
microbiota uptake (Khan et al. 2009), plant uptake as well as adsorption onto media and
sediments in the system (Qasaimeh et al. 2015). Other processes that can contribute to heavy
metal removal from wastewater in CWs are biosorption, bioaccumulation, redox
transformation, dissimilatory sulphate reduction (Sima et al. 2015) and precipitation as

insoluble salts (Cheng et al. 2002).

2.1.2.3 Nutrients

Several authors such as Huddleston et al. (2000); Moreno et al. (2002); Nwanyanwu and Abu
(2010); Moneke and Nwangwu (2011); Uzoekwe and Oghosanine (2011); Mustapha et al.
(2013) and Mustapha et al. (2015) have reported the presence of nitrogen compounds in

petroleum contaminated wastewater. For example, Moreno et al (2002) reported ammonia
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concentrations ranging from 3 to 20 mg N/L in oil refinery wastewater, while Huddleston et
al. (2000) reported ammonia concentrations ranging from 2.14 to 8.6 mg/L in pre-treated
petroleum refinery effluent. In addition, nutrients are produced in wastewater due to the

degradation of organic matter (Valderrama et al. 2002).

Nitrogen and phosphorus compounds in discharged wastewater may adversely contribute to
eutrophication, depletion of oxygen and toxicity to humans, aquatic life and bacteria (Moreno
et al. 2002; Abd-El-Haleem et al. 2003; Saeed and Guangzhi 2012) as well as acceleration of
the corrosion of metals and construction materials (Taneva 2012). For instance, ammonia is
one of the products resulting from purification of oil, 5.0 mg/L of ammonia is the maximum
amount allowed in discharged oil refinery effluent according to the Brazilian Environmental
Legislation limits (Coneglian et al. 2002). Ammonia creates a large oxygen demand in
receiving waters (Abd-El-Haleem et al. 2003), and more than 45 mg/L of nitrate in drinking
water may cause methemoglobinemia, while over 8 mg/L NO>™ inhibits anoxic phosphate

uptake (Abd-El-Haleem et al. 2003).

Phosphorus is essential for plant growth and a limiting factor for vegetative productivity
(Rani et al. 2011). However, it is also important to remove phosphorus from wastewater since
it 1s a major limiting nutrient for algae growth in fresh water ecosystems (Rani et al. 2011)

and thus results in eutrophication of the receiving water bodies (Mulkerrins et al. 2004).

2.2. Constructed wetlands for treatment of petroleum refining wastewater

2.2.1. Conventional treatment technologies

Petroleum related industries have to comply with strict regulations by regulatory authorities.
Besides, the concerns over discharge of produced water and reuse of wastewater are the
major challenges facing these industries (Allen 2008; Shpiner et al. 2009a). These have led
them to explore many treatment technologies as alternative methods for effluent
management. Thus, it has expedited the technological advancements in the field of

wastewater treatment in the past three decades.

The state-of-the-art technology for the treatment of petroleum contaminated wastewater
includes reverse osmosis (Murray-Gulde et al. 2003; Mant et al. 2005), membrane filtration
techniques (Allen 2008; Ravanchi et al. 2009) such as microfiltration, ultrafiltration and

nanofiltration (Saien 2010), natural sorbent zeolites (Mazeikiene et al. 2005), laccase and
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peroxidase enzymatic treatment and electrocoagulation (Abdelwahab et al. 2009), air
floatation, chemical oxidation (Zhao and Li 2011), microbial degradation (Idise et al. 2010),
wastewater stabilization ponds (Shpiner et al. 2009a; Shpiner et al. 2009b) and lagoons
(Abdelwahab et al. 2009). Some of these technologies require high energy and a large capital
investment (Baskar 2011). The technologies can lead to incomplete decomposition of
contaminants (Das and Chandran 2011). Also, some of these methods are basically transfer of
contaminants from one medium to another; and this process may require elimination of
organic compounds by another treatment method (Diya'uddeen et al. 2011) or otherwise such
systems are only suited for primary treatment of produced water (Shpiner et al. 2009a).
Furthermore, the by-products of conventional method are often toxic to both humans and the
environment (Ojumu et al. 2005; Wuyep et al. 2007; Baskar 2011). Toxic by-products can
destroy the biological component of the soil, and can change the chemical and physical soil
characteristics (Tam and Wong 2008). Therefore, the by-products require further treatment as
well (Prasad 2003).

Other disadvantages of conventional treatment systems include operational difficulties
associated with wastewater flow rate and pollutant load (Ayaz 2008), complex procedures,
poor performances and high management requirement without oil recovery (Zhao and Li

2011).

2.2.2 Constructed wetland design

CWs are an example of phytoremediation (plant-assisted) systems that have been used for
many years to treat wastewater (Yang et al. 2006; Dipu et al. 2010; Tromp et al. 2012). They
are low-cost, have a low energy-consumption, low-maintenance, are easily operated and they
provide effective treatment (Cheng et al. 2002; Xia et al. 2003; Wallace and Kadlec 2005;
Eke and Scholz 2008; Mena et al. 2008; Fountoulakis et al. 2009; Mustapha et al. 2011;
Spacil et al. 2011). CWs are chosen to treat many types of wastewater owing to their
simplicity, low sludge production, high nutrient absorption capacity, process stability and its
potential for creating biodiversity (Rani et al. 2011). In comparison, CWs have the
advantages of providing a less intrusive approach than the conventional methods (Lin and
Mendelssohn 2009), CWs are environmentally friendly processes where living plants can be
considered as a solar driven pump for the extraction of pollutants from wastewater (Wenzel
2009). CWs are economically viable options for wastewater management, especially for
developing countries with limited water resources and means (Mustapha et al. 2015). CWs

are complex ecosystems (Maine et al. 2007; Fountoulakis et al. 2009) comprising wetland
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vegetation, hydric soils, microorganisms and prevailing flow patterns that assist in treating
wastewater (Haberl et al. 2003; Fountoulakis et al. 2009; Vymazal 2010; Mustapha et al.
2015).
There are two main types of CWs (Fig. 2.1): (i) Surface flow wetlands (those with water
flowing above the substrate) that mimic natural wetlands (Fig. 2.2a) both in structures and
mechanisms and (ii) subsurface flow wetlands (those with wastewater flowing through the
gravel bed or porous media). The latter are further grouped into horizontal subsurface flow
(HSSF) (Fig. 2.2¢) and vertical subsurface flow (VSSF) wetlands (Fig. 2.2¢). Based on the
flow direction, VSSF CWs can be further categorized into two types upward flow type and
the downward flow type (Stottmeister et al. 2003; Vymazal 2007) and tidal flow (Babatunde
et al. 2008). Besides single (surface, subsurface - HSSF and VSSF) CWs, combined (hybrid)
CWs have been used to successfully treat various types of contaminants from petroleum-
contaminated wastewater (Wallace and Kadlec 2005; Ji et al. 2007; Eke and Scholz 2008;
Davis et al. 2009; Aslam et al. 2010).

Constructed wetlands

Surface flow Subsurface flow

Horizontal flow Vertical flow

Hybrid Upward flow Tidal flow

Downward flow

Figure 2.1: Classification of constructed wetlands

2.2.2.1 Constructed wetlands for petroleum refinery wastewater
The petroleum industry has shown an increasing interest in applying CWs to manage
wastewater at various sites, including refineries, oil and gas wells and pumping stations (Ji et

al. 2007; Allen 2008). Further, the refinery wastewater can be treated with CWs and reused
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for other purposes rather than the practice of some refineries of pumping the water back into
the aquifers at high pressure which is energy intensive and expensive (Shpiner et al. 2009a).
In addition, CW systems protect resources for future generations by preserving the ecosystem

as well as protecting biodiversity (Schrdoder et al. 2007).

In spite of the potential to use CWs for the treatment of petroleum contaminated wastewater,
literature is scarce (Diya'uddeen et al. 2011) for studies in the tropics. Phytoremediation is
favorable in the tropics because of suitable climatic conditions which support plant growth
and microbial activity (Merkl et al. 2006). Moreover, countries located in the tropics
(Venezuela, Nigeria, and Indonesia) and subtropics (e.g. Saudi Arabia, Kuwait) consists of
approximately 80% oil resource (Merkl et al. 2006). In contrast, most of the research on
plant-assisted remediation of petroleum-contaminated water is rather conducted in the

temperate regions (Merkl et al. 2006).

Thus, there is need for this research to be channeled towards the tropics and subtropics
regions. This paper reviews literature specifically on the use of CW systems for treatment of
petroleum contaminated wastewater, addressing the efficiency of the treatment systems based
on application, as well as organic and inorganic pollutant composition of the influent and
effluent, and focusing on the three main components of CWs: macrophytes, microorganisms
(found at the petroleum-contaminated sites and in the wastewater) as well as the

substrate/filter media used.
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Figure 2.2: (a) Surface flow constructed wetland; (b) Vertical subsurface flow constructed wetland and

(c) Horizontal subsurface flow constructed wetlands
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2.2.2.2 Potential of CWs to treat petroleum wastewater

The application of the different types of CWs for wastewater treatment is dependent on the
objectives of the treatment, they can be used as either primary or as secondary or tertiary
treatment (Haberl et al. 2003). For instance, subsurface flow (SSF) CWs are preferred as a
main treatment system (Haberl et al. 2003) while for tertiary treatment, both surface flow
(SF) and SSF CWs can be used. In addition, depending on the desired objectives, HSSF or
VSSF CWs are used. The limited oxygen in HSSF CWs provide good conditions for organic
matter and denitrification processes (Jakubaszek and Saecka 2015), while COD and ammonia
removal will be higher in the VSSF CWs due to the better oxygen transfer capacity through
the feeding mode (Lv 2016). Although other mechanisms such as microbial processes,

substrate sorption and plant uptake should be considered as well.

2.2.2.2.1 Surface flow CWs

Surface flow (SF) CWs have the ability to filter, absorb and retain particulate matter,
nutrients or other pollutants from wastewater (Rani et al. 2011). One difference between
SFCWs and SSF CWs is in the release of oxygen. Accordingly, Vymazal (2013) reported that
the release of oxygen in SFCWs is insignificant, as most of the treatment processes occur in
the water column and within the bottom layer. However, some researchers have used SF CWs
to treat petroleum contaminants and have shown this to be a promising technological
alternative for wastewater treatment. Horner et al. (2012) used a free-water surface (FWS)
flow CW planted with Typha latifolia operating at a 4-day HRT under the prevailing
conditions at sub-Saharan Africa to treat produced oilfields water containing 0.08 — 0.40
mg/L Fe, 0.50 — 1.26 mg/L Mn, 0.37 — 1.44 mg/L Ni, 2.0 - 5.0 mg/L Zn, 704 — 1370 mg/L
total dissolved solids and at varied oil and grease (O&G) concentrations of 10, 25 and 50
mg/L. The FWS CWs has an ability to remove Fe (0-89.2 %), Mn (88.3-98.0%), Ni (23.1-
63.2%) and Zn (11.5-84%) while its O&G removal was below the detection limit of 1.4 mg/L
(Table 2.2). The effluent concentrations of O&G, Fe and Mn met the criteria for irrigation
and livestock watering, while Ni concentrations met the livestock watering criteria. Further,
Ji et al. (2007) used SF CWs to treat produced wastewater in the Liaohe oilfield (China)
using two reed beds (reed bed # 1 and bed # 2) (Table 2.2). There were variations in the
removal efficiency of the two reed beds, these differences may be due to the different
hydraulic retention times of 15 and 7.5 d, respectively.

Simi (2000) conducted a study on water quality assessment of a SF CW used for polishing

BP Oil's Bulwer Island refinery wastewater in Australia, specifically for reducing the
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suspended solid loads associated with algal growth in the upstream wastewater treatment
system (Table 2.2). The system had low removal rates, which were likely linked to the
growth of algae in areas of open water with poor plant establishment. Simi (2000) therefore

emphasized the importance of macrophyte selection for system optimization.

2.2.2.2.2 Subsurface flow CWs

Subsurface flow (SSF) CWs are reliable treatment systems with high treatment efficiencies
for the removal of pollutants (Hoffman et al. 2011). Davis et al. (2009) used SF and SSF
engineered wetlands to treat petroleum hydrocarbons. They reported that SSF engineered
wetlands can achieve more biological treatment due to the higher specific surface area
present in a gravel bed. In operating a SSF CW, there is no contact between the water column

and the atmosphere, this is safer from a public health perspective (Rani et al. 2011).

2.2.2.2.2.1 Vertical subsurface flow CWs

Petroleum wastes are recognized to naturally degrade in natural wetland environments
(Wallace and Kadlec 2005; Eke and Scholz 2008; Davis et al. 2009; Wallace et al. 2011). Eke
and Scholz (2008) studied twelve vertical-flow microcosm wetlands with different
composition to remove benzene (Table 2.2). Their results indicated that the systems had a
mean removal efficiency of 85%, which was predominantly due to the volatilization with a
one-day retention time. They have, however, concluded that optimizing the wetlands by
locating them in areas of high temperature would enhance the biodegradation rates. Eke and
Scholz (2008) and Davis et al. (2009) confirm that aeration enhances volatilization and

hydrocarbon degradation.

Mustapha et al. (2015) reported removal efficiencies of 43% to 85% for TDS, turbidity,
BODs, COD, Ammonium-N, Nitrate-N and Phosphate-P respectively, from C. alternifolius
planted VSSF CWs and 42% to 82% for C. dactylon planted VSSF CWs (Table 2.2). C.
alternifolius and C. dactylon planted VSSF CWs were capable of treating secondary refinery
effluent to discharge permit limits. According to Vymazal (2010), VSSF CWs provide a more
effective removal of organics, suspended solids and ammonia while HSSF CWs provide a
higher removal of nitrate through the denitrification processes under anoxic/anaerobic
conditions as the concentration of dissolved oxygen in the filtration beds is limited. On
average, COD is reduced less effectively than BODs in CWs (Baskar 2011). Moreno et al.

(2002) obtained above 90% removal efficiencies for high ammonia inflow concentrations (>
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6 mg N/L) from Phragmites australis planted vertical up flow CWs with an HRT of 5 h.
VSSF CWs have successfully been employed to remove ammonia in refinery wastewater. For
instance, Wallace and Davis (2009) reported 98% efficiency of ammonia reduction after
treating wastewater that contained more than 230 mg/L ammonia while a similar result has
also been reported by Xia et al. (2003). Aslam et al. (2010) assessed the viability of treating
refinery wastewater using VSSF CWs filled with coase sand for the removal of heavy metals
at a hydraulic loading rate (HLR) of 1.21 m?*/m? day. They achieved removal efficiencies of
49% for Fe, 53% for Cu and 59% for Zn.

CWs can be intensified with forced aeration to enhance aerobic biodegradation rates of
petroleum hydrocarbons in contaminated wastewater to non-detectable levels (Davis et al.
2009). Wallace (2001) used a 1486 m?> SSFCW with a Forced Bed Aeration system built into
the wetland bed to treat high-strength petroleum contact waste containing 10,000 mg/L
carbonaceous biological oxygen demand (CBODs), 100 mg/L ammonia and 1000 pg/L total
BTEX. The SSFCW treatment system achieved average removal rates of 99% for CBODs,
98% for ammonia and BTEX was removed to non-detectable levels. They reported that
BTEX removal was largely due to enhanced volatilization as a result of the aeration system.
Similarly, Ferro et al (2002) built a pilot scale SSF wetland system at the BP Amoco refinery
site in Wyoming (USA) to treat recovered groundwater contaminated with petroleum
hydrocarbons with forced subsurface aeration at influent benzene concentrations that ranged
from 0.2 to 0.6 mg/L. Their system consisted of four treatment cells packed with sand and
operated in an upward vertical flow mode with a one day mean HRT. The aerated upward
vertical SSFCW achieved an effluent with benzene concentrations less than 0.05 mg/L.
Wallace and Kadlec (2005) constructed an engineered wetland system with aeration which
enhanced the volatilization and aerobic biodegradation. These systems were built at pilot
scale and later at full scale operating at 6000 m*/day and achieved permit compliance within
one week after start up. These studies are significant because they demonstrate successful
treatment of petroleum compounds with an inbuilt aeration system (Wallace 2001). Bedessem
et al. (2007) used a pilot system consisting of four SSF CWs operated in parallel in different
flow modes: upward vertical flow or horizontal flow with or without aeration for the
treatment of refinery affected groundwater. The treatment system effectively removed total
petroleum hydrocarbon-diesel range organics (TPH-DRO) (77% without aeration and > 95%
with aeration), total benzene, toluene, ethylbenzene, and o-, m-, and p-xylenes. The systems
showed 77% removal for TPH-DRO without aeration and > 95% with aeration, 80% for

benzene and 88% for total benzene. However, the treatment system was not effective in
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reducing the MTBE concentrations. Results from this pilot study were instrumental in the
development of an aesthetically pleasing full-scale wetland system for volatile organics

removal with cascade aeration pre-treatment.

2.2.2.2.2.2 Horizontal subsurface flow CWs

A couple of studies have shown the success of the removal of organic and inorganic
contaminants from petroleum wastewater using HSSF CWs (Table 2.2). However, most of
the studies were focused on contaminated groundwater (Ferro et al. 2002; Wallace and Davis
2009; Jechalke et al. 2010; Seeger et al. 2011; Wallace et al. 2011; Chen et al. 2012;
Stefanakis et al. 2016). Stefanakis et al. (2016) tested three pilot scale HSSF CWs for the
removal of phenolic compounds, MTBE, benzene and ammonia from contaminated
groundwater in a pump-and-treat remediation research facility in Germany. The results
showed a complete removal of phenol and m-cresol and a removal efficiency that varied from
49.6 - 52.8% for MTBE, 72.3 - 82.2% for benzene and about 40% for ammonia. Stefanakis et
al. (2016) pointed that microbial processes (nitrification, denitrification) dominated the
transformation and removal of ammonium in HSSF CWs, while direct plant uptake is of
secondary importance in the long-term.

Davis et al. (2009) presented three field-scale applications of HSSF engineered wetlands with
Forced Bed Aeration in North America for pipeline terminal wastewater containing benzene,
toluene, xylene and ethylene (BTEX) and ammonia, along with two former refineries using
HSSF engineered wetlands with a designed flow rate of 1.5 m%/d. It treated 6,000 m*/d of
BTEX and 1,060 m*/d Fe from BTEX-contaminated extracted groundwater, respectively. The
systems reduced benzene concentrations from 300 pg/L to < 10 pg/L (to non-detectable
concentrations) at 40% and 80% of gravel bed length, respectively. The high rate of removal
was due to enhanced volatilization as a result of the aeration system.

Al-Baldawi et al. (2014) investigated the optimum conditions for total petroleum
hydrocarbon (TPH) removal from diesel-contaminated water with Scirpus grossus planted in
HSSF CWs. Three operational variables were investigated, i.e. diesel concentration (0.1,
0.175 and 0.25% Vdiesel/Vwater), aeration rate (0, 1 and 2 L/min) and retention time (14, 43
and 72 days). They reported that the optimum conditions were found to be a diesel
concentration of 0.25 % (Vdiesel/Vwater), a retention time of 63 days and no aeration with
an estimated maximum TPH removal from water of 76.3%. This showed that a longer
retention time has a positive effect on the reduction of the TPH concentration in water,

although the diesel concentration and aeration rate did not have much effect on the TPH
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removal efficiency. Chen et al. (2012) evaluated the performance of planted, unplanted and
plant root mat pilot scale HSSF CWs in the decontamination of groundwater polluted with
benzene and MTBE. They reported that the plant root mat showed a similar treatment
efficiency as the planted HSSF-CW for benzene removal and a higher treatment efficiency
for MTBE removal was achieved in summer time. The main removal pathway in this study
was oxidative microbial degradation. Ji et al. (2002) demonstrated the use of SSF CWs for
heavy oil produced water (Table 2.2). Thus, effective degradation of organic compounds are
majorly by bacterial metabolism of both attached and free living bacteria under anoxic and or
anaerobic conditions (Vymazal 2010).

Several authors have demonstrated heavy metal removal by CWs. Though, the application of
HSSF CWs for metal removal as the main focus of treatment is rather limited (Kropfelova et
al. 2009). Using aerated and non aerated HSSF CWs planted with Phragmites australis,
Mustapha et al. (2011) reported that Cd, Cr, Pb and Zn were removed from simulated refinery
wastewater passing through the wetland systems with a 2-day HRT at a hydraulic loading rate
of 11 L/day (Table 2.2). There were no large variations in the removal efficiency between the
aerated and the non-aerated treatment systems (Mustapha et al. 2011). This may likely be due
to the low influent diesel concentrations and a two days retention time may be too short to
bring about a high difference between the treatments systems. Gillespie et al. (2000)
investigated the transfer and transformation of Zn in a refinery effluent. They used two pilot-
scale CWs in parallel consisting of an alluvial flood plain sediment planted with Scirpus
californicus operated at a 24 h nominal HRT. An average of 38% of the total recoverable and

65% of the soluble Zn was removed from the refinery effluent during the experiment.

2.2.2.2.3 Hybrid CWs

Hybrid CWs are non-conventional CWs in which either two or more CWs are combined in
series. Thus, hybrid CWs provide a better effluent quality than that of single CW systems. In
general, hybrid CWs combine either a VF CW at the first stage with a HF CW at the second
stage or vice versa to treat effluents in an efficient manner. For instance, they combine their
various advantages to compliment processes that produce an effluent lower in BODs and total
nitrogen concentration (Vymazal 2005). The use of hybrid CWs (horizontal + vertical flow or
vertical + horizontal flow) is an effective wastewater treatment method with reduced water

loss potential (Melidn et al. 2010).
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Wallace et al. (2011) designed hybrid CWs to reduce metals and organic contaminants as
well as buffer the pH of the recovered groundwater (Table 2.2). The Wellsville system was
also very effective in iron removal, removing 98% of the iron despite relatively high influent
concentrations (mean value of 33.3 mg/L). The high performance of the Wellsville wetland,
shows that CWs are a viable and cost-effective treatment alternative to mechanical treatment,
even under cold climate conditions.
Kanagy et al. (2008) designed, built and used a modular pilot-scale CW (freshwater wetland
and saltwater wetland) to treat four simulated waters (fresh, blackish, saline and hypersaline
waters) representing the range of contaminant concentrations typical of actual produced
waters. Freshwater wetland cells planted with Schoenoplectus californicus and Typha
latifolia were used to treat the fresh and brackish waters while saline and hypersaline waters
were treated by saltwater wetland cells planted with Spartina alterniflora and by reverse
osmosis (RO). Effective removal of cadmium, copper, lead, and zinc was achieved by the
pilot-scale system. The same authors reported that, although the metal concentrations met the
targeted levels immediately following the treatment of saline and hypersaline waters by RO,
pH levels were typically too low for discharge. Also, during the flow through the freshwater
wetland cells, the pH increased to acceptable levels. For all the four types of gas storage
produced waters, freshwater wetland cells improved the performance of the system by
increasing the dissolved oxygen concentrations. This is because the freshwater wetland was
planted with T. latifolia, which has the ability to oxygenate its root zone, thus supporting an
oxidizing enviroment.
Murray-Gulde et al. (2003) considered conductivity, total dissolved solids (TDS), and
toxicity as parameters of concern in their study, Ceriodaphia dubia and Pimephales promelas
were used for the toxicity tests. No significant mortality was observed at 100% exposure to
treated produced water when compared to the control organisms. Nonetheless, the system
effectively decreased conductivity and TDS by 95% and 94%, respectively.
Plants in CWs can adsorb and accumulate metals. Cheng et al. (2002) used a twin-shaped
CW comprising of a vertical flow (inflow) chamber planted with Cyperus alternifolius,
followed by a reverse-vertical flow (outflow) chamber planted with Villarsia exaltata to
assess the decontamination of artificial wastewater polluted with Cd, Cu, Pb and Zn for over
150 days and with Al and Mn for 114 days. Heavy metals were undetected in the treated
effluent with the exception of Mn. The inflow chamber was, therefore, seen as the

predominant decontamination step of more toxic metal species with final concentrations far
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below the WHO drinking water standards. The lateral roots of C. alternifolius accumulated
more than 4500 times higher amounts of Cu and Mn from the applied influent, and 100 -

2200 times the amounts of the other metals studied.



Table 2.2. Constructed wetlands for petroleum wastewater treatment

Types of CW

Wastewater type

Range of removal (%)

Location

Reference

SURFACE FLOW
Surface flow

Surface flow

Surface flow

Surface flow

VSSF
VSSF CWs

Vertical-flow soil filter
systems-Rough filter (RF)
Polishing filter (PF)

RF +PF (combined)
VSSF CWs

VSSF CWs

Compost-based and
gravel-based vertical flow
wetlands

HSSF

Leaks underground
petroleum storage
Produced oilfield water

Heavy oil-produced water

Refinery wastewater

Refinery wastewater

Refinery wastewater

Hydrocarbon-
contaminated wastewater
Oil refinery wastewater

Refinery wastewater

Benzene: 48

Fe: NR-89.2, Mn: 88.3-98,
Ni:23.1-63.2, Zn:11.5-84,
O&G:ND

COD:71-80; BOD5:92-93;
TKN: 81-88; TP: 81-86
BODs: 10.24; COD:16.44;
SS: 14.2; TKN: 14.36;
NH4-N: 1.32; TP; 13.44:
SRP

BODs: 68-70; COD:63-65
NH4+-N:49-68%; NO3-N:
54-58; PO4>+P:42-42
MTBE: 70, benzene:98

MTBE: 99, benzene:100
MTBE: 100, benzene: 100
Benzene: 85-95

Ammonia: 97.7; COD:
78.2; BODs: 91.4 ; oil:
95.35

TSS:51-73 and 39-56 ;
COD: 45-78 and 33-61;
BODs: 35-83 and 35-69

Diliman, Quezon City,
Philippines
Clemson, USA

Beijing, China

Australia

Kaduna, Nigeria

Leipzig, Germany

Edinburgh, UK

Guangzhou, China

Rawalpindi, Pakistan

Ballesteros Jr. et al.

2016
Horner et al. 2012
Jietal. 2007

Simi 2000

Mustapha et al.
2015

van Afferden et al.
2011

FEke and Scholz
2008
Xia et al. 2003

Aslam et al. 2007



HSSF CWs

HSSF CWs

HSSF CWs:

(1) Unplanted
(2) planted
(3)plant root mat

HSSF CWs

HSSF CWs: (1) planted
gravel filter; (2) plant root
mat

HSSF CWs

HSSF CWs

HYBRID

3 detention basins,
oil/water separator, a pair
of saltwater wetland cells
in series, areverse
osmosis unit, and 2 series
of four freshwater wetland

Petroleum contaminated

wastewater

Diesel-contaminated
wastewater
Groundwater
contaminated with
benzene and MTBE

Simulated refinery
wastewater — diesel

Groundwater
contaminated

Produced water

Refinery effluent

Four categories of
produced water:
(1) fresh

(2) brackish

(3) saline

(4) hypersaline

MTBE: 49.6 - 52.8%;
benzene: 72.3 -82.2%;
ammonia:40%

TPH: 72.5%

(1) Benzene: 0 -33%;
MTBE: 0-33%

(2) Benzene: 24 - 100%;
MTBE: 16 -93%

(3) Benzene:22 -100%;
MTBE: 8-93%

Cd: 89.9 - 92.5%, Cr: 82.1
- 90.7%; Pb: 84.9 - 90.9%
and Zn: 93.8 - 94.2%

(1): Benzene: 81%,
MTBE: 17%, NH4"-N:
54%

(2): Benzene: 99%,
MTBE: 82%, NH4"-N:
41%

To non-detect
concentration at 40 and 80
of the gravel bed length
Total Zn recoverable:
38%; soluble Zn: 65%

Fresh: Cd: 25%, Cu: ND,
Pb: ND, Zn:96.3%, Cl: NR
Brackish:

Cd: 39%, Cu: 89%, Pb: 93,
Zn:40%, Cl: 12%

Saline:

Leipzig, Germany

Selangor, Malaysia

Leipzig, Germany

Delft, Netherlands

Leipzig, Germany

USA

Houston, USA

Clemson, USA

Stefanakis et al.
2016

Al-Baldawi et al.
2014
Chen et al. 2012

Mustapha et al.
2011

Seeger et al. 2011

Davis et al. 2009

Gillespie et al. 2000

Kanagy et al. 2008



cells

Hybrid reverse osmosis-
constructed wetlands
treatment system
Aerated systems

Upward VF, HF, with
aeration, without aeration-
Forced subsurface aeration

Upward vertical
subsurface flow wetland
system with forced
subsurface aeration
Subsurface flow
constructed wetland
(SSFCW) with Forced Bed
Aeration system built into
the wetland bed

Brackish oil field produced
water

Hydrocarbon-
contaminated

Petroleum refinery
contaminated groundwater

Groundwater
contaminated with
petroleum hydrocarbons

High-strength petroleum
contact waste

Cd: 99.6%, Cu: 98.8, Pb:
97.7, Zn:99%, Cl: 99%
Hypersaline:

Cd: 99.6%, Cu: >99.9%,
Pb: 99.3%, Zn:99.8%, CI:
99.5%

Conductivity: 95 ; TDS 94

BTEX100%,

Aniline 94%, nitrobenzene
93%, Fe 98%

Fe, benzene, MTBE,
TPH(DRO): 77%, BODs,
TSS, TDS, alkalinity
Aerated: Fe, total BTEX:
72.6-85.3%, MTBE,
TPH(DRO):94-96%,
BODs, TSS, TDS,
alkalinity

Effluent with benzene
concentrations < 0.05
mg/L

99% for CBODs, 98% for
ammonia and BTEX was
removed at the 40% of the
bed length to non-detect
level

Clemson, USA

Wellsville, New York,
USA

Laramie, Wyoming, USA

Wyoming, USA

South Dakota, USA

Murray-Gulde et al.
2003

Wallace et al. 2011

Bedessem et al.
2007

Ferro et al. 2002

Wallace 2001
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2.3. Removal pathways in constructed wetlands

Constructed wetlands use natural geochemical, physical and biological processes (Fig. 2.3) in
a wetland ecosystem to treat contaminants of concern. The bioremediation of contaminants
takes place during the passage of raw or pretreated wastewater through the gravel layer and
root zone of the constructed wetlands (Babatunde et al. 2008; Kadlec and Wallace 2009). The
constituents of concern are removed by various mechanisms such as filtration and
sedimentation of suspended particles (Shelef et al. 2013), adsorption to suspended matter,
photolysis, volatilization, plant uptake (Zhang et al. 2011) and precipitation by
biogeochemical processes (Barber et al. 2001; Stottmeister et al. 2003; Grove and Stein 2005;
Farooqi et al. 2008; Shelef et al. 2013). The removal of contaminants occurs by microbial
degradation, by physical and chemical processes in aerobic, anoxic as well as anaerobic
zones (Vymazal and Brézinova 2016). The rhizosphere is the active zone where
physicochemical and biological processes occur through interactions between plants,
microorganisms and substrates to remove pollutants from wastewater (Khan et al. 2009;
Saeed and Guangzhi 2012; Papaevangelou et al. 2017). The major removal mechanisms of
organic matter are volatilization, photochemical oxidation, sedimentation, sorption and
microbial degradation by fermentation, aerobic and anaerobic respiration (Haberl et al. 2003;
Czudar et al. 2011). The mechanisms for nitrogen removal in CWs are nitrification,
denitrification, plant uptake, volatilization and adsorption (Rani et al. 2011). The major
processes responsible for phosphorus removal in SSFCWs are typically adsorption,
precipitation and plant uptake (Rani et al. 2011).

Imfeld et al. (2009) reviewed the various mechanisms contributing to organic matter removal
and the main degradation pathways for different groups of contaminants. The removal
efficiency of the pollutants is influenced by a number of factors, including the substrate
media, redox potential, loading rate, retention time, carbon source availability, electron
acceptor concentrations, temperature and the plant species (Zhang et al. 2011).

Reddy and D' Angelo (1997) in their study on the biogeochemical processes of wetlands
reported that CWs remediate pollutants because they sustain a number of aerobic and
anaerobic biogeochemical processes that control the removal and/or retention of pollutants
present in wastewater. These natural processes are also employed to treat petroleum refinery
wastewaters (Knight et al. 1999; Xia et al. 2003; Ji et al. 2007; Spacil et al. 2011; Chapter 4).
They showed a good potential as a treatment method capable of removing organic and

inorganic pollutants from petroleum refinery effluents (Campagna and da Motta Marques
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2000; Cheng et al. 2002; Diya'uddeen et al. 2011; Chapter 4; Chapter 6). Yet, the efficiency
of pollutant removal mechanisms depends on the hydraulic conductivity of the substrate,
types and number of microorganisms, oxygen supply for microorganisms, chemical
composition of substrate and hydraulic retention time (Barber et al. 2001; Haberl et al. 2003).
For petroleum hydrocarbon removal, design parameters include the biodegradation rate
coefficients, flow rate, hydraulic retention time (HRT), influent and required effluent
concentrations (Davis et al. 2009).

The main route of heavy metal uptake in aquatic plants is through the roots in the case of
emergent and surface floating plants, whereas roots as well as leaves take part in removing
heavy metals and nutrients in submerged plants (Dhote and Dixit 2009). Besides, the removal
mechanisms in HSSF CWs include binding to sediments and soils through sedimentation,
flocculation, adsorption, cation and ion exchange, complexation, oxidation and reduction,
precipitation and co-precipitation as insoluble salts and plant uptake and, to a lesser extent,
microbial metabolism (Galletti et al. 2010). Numerous factors can affect the remediation
processes of contaminated sites, including pH level of water and sediment, mobilization and
uptake from the soil, compartmentalization and sequestration within the root, efficiency of
xylem loading and transport (transfer factors), distribution between metal sinks in the aerial
parts, sequestration and storage in leaf cells, and plant growth and transpiration rates (Hadad

et al. 2006; Khan et al. 2009).
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2.4. Components of constructed wetland treatment

Constructed wetlands are made up of four main components: plants, substrate media,
microbial biomass (Dordio and Carvalho 2013) and the aqueous phase (Shelef et al. 2013).
The sediment and gravel provide nutrients and support to the root zone and plants
(Stottmeister et al. 2003). The root zone is the active reaction zone of CWSs, where
physicochemical and biological processes are induced by the interaction of the pollutants
with the plants, microorganisms and soil particles (Stottmeister et al. 2003). CWs degrade or
remove the various pollutants, as a result of the synergetic actions of the system components
(Stefanakis et al. 2016). However, the ability of CW to purify wastewater depends on
naturally occurring physical, chemical and biological processes that take place within the

system.

2.4.1 The macrophyte component

Typically, macrophytes are conspicuous components of a wetland (Vymazal 2011). The
macrophytes mainly used in SSF CWs are emergent. These are anchored to the substrate with
shoots emerging from water to more than one metre in height, examples are Phragmites
australis, Cyperus alternifolius, Cyperus papyrus and Typha latifollia. Phragmites australis
is widely used in CWs all over the world due to their productivity, wide distribution and
variable wetland plant species in the world (Lee and Scholz 2007; Vymazal and Brézinova
2016). Surface floating plants are another type of macrophytes, examples include duckweed
and water hyacinth. The third group is called submerged macrophytes. Examples of this
group include water lilies (Nymphaea sp.), Potamogeton sp., Naja peclinata and
Ceratophyllum (Haberl et al. 2003; Allen 2008; Liu et al. 2008).

2.4.1.1 Role of macrophytes in wetland treatment

Wetland systems support a dense growth of vascular plants adapted to saturated conditions
(Campagna and da Motta Morques 2001). These plants are known to degrade, extract,
contain, or immobilize contaminants in soil and water (Chorom et al. 2012). Vegetation is an
essential component of the design of a wetland system (Haberl et al. 2003; Lee and Scholz
2007; Vymazal and Brézinova 2016). The plant roots slow the movement of water, creates
microenvironments within the water column and provides attachment sites for the microbial
community (Haberl et al. 2003; Lee and Scholz 2007).

Macrophytes are assumed to be the main biological component of wetlands (Hadad et al.

2006; Maine et al. 2007). They are important in their role of pollutant removal, nutrient
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uptake, accumulation of metals (Cheng et al. 2002; Weis and Weis 2004; LeDuc and Terry
2005), transfer of oxygen to the rhizosphere for growth, microorganisms and decomposition
of organic matter (Zhang et al. 2010) and renewing the carbon supplies of metabolizing
bacteria (O'Sullivan et al. 2004). Other vital roles played by macrophytes in the efficiency of
a CW include flow velocity reduction (which aids in settling of particulates and adsorption of
solutes), transportation of gases and solutes between above-ground and below ground
biomasses, uptake of inorganic compounds and organic pollutants, and influence the
microbial diversity and activity (Taylor et al. 2011). Some plant species can also be used for
phytoextraction of heavy metals from contaminated water (Cheng et al. 2002). According to
Lee and Scholz (2007), macrophytes have a negative impact on wetland management when
they lose their leaves in fall, this will increase the BODs concentration due to the release of
carbon, nutrients and other pollutants as well as heavy metals in the litter zone.

Macrophytes have the ability to improve the bioremediation process through diffusion of
oxygen from the shoots to the roots as well as to the soil, for soil microbes to utilize it for
aerobic respiration (Dowty et al. 2001). This, at times corresponds to as much as 90% of the
total oxygen entering a wetland substrate (Allen et al. 2002). Wetland macrophytes have
unique characteristics of adaption to anaerobic soil conditions, such as developing internal air
spaces (aerenchyma) for supporting supply of oxygen into the root zone (Reddy and
D'Angelo 1997). Further, wetland plants have an intrinsic capacity to aerate the rhizosphere
i.e. these plants can transport approximately 90% of the oxygen available in the rhizosphere
(Lee and Scholz 2007), thus potentially increasing both aerobic decomposition of organic

matter and the growth of nitrifying bacteria (Lee and Scholz 2007; Lin et al. 2009).

Wetland plants can incorporate pollutants directly into their tissues, act as catalysts for
purification reactions by escalating the environmental diversity in the rhizosphere, thus
promoting different types of chemical and biochemical reactions that can improve treatment
processes (Maine et al. 2007). Additionally, plants can uptake pollutants (including
polyaromatic hydrocarbons) into their rhizosphere to varying extents through the
transpiration stream (Weyens et al. 2009). Additionally, all plants have the ability to
accumulate essential metals from the soil solution for growth and development. This potential
allows plants to also take up other non-essential metals like Al, As, Au, Cd, Hg, Pb, Pt, Sb,
Te, T, and U, which have no biological function (Jadia and Fulekar 2009).

For wetlands constructed to treat petroleum contaminated wastewater, a number of

macrophytes have proven effective in the degradation of contaminants of concern. This is
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because of their high biomass production, assimilation and long term storage of organic and
inorganic pollutants (Campagna and da Motta Marques 2001) as well as their natural ability
to treat wastewater contaminated with oil and grease (Xia et al. 2003; Ji et al. 2007; Davis et
al. 2009). Table 2.3 presents different types of wetland vegetation used for the treatment
organic and inorganic contaminants found in petroleum refining wastewater. The removal of
the contaminants varied for different contaminants as well as for the plants (Table 2.3). For
natural wastewater treatment systems, plant productivity and pollutant removal efficiency are
important in selecting a suitable plant for a given application (Haberl et al. 2003).
Accordingly, Madera-Parra et al. (2015) stated that appropriate plant selection is crucial to
improve the heavy metal removal efficiency of CWs. Aside for heavy metal removal, Brisson
and Chazarenc (2009) are of the opininon that plants species selection is fundamental to the

overall pollutant removal efficiency of a CW.

Many studies have reported significantly higher removal efficiencies of pollutants and
enhanced transformation of contaminants in planted CWs, compared to unplanted CWs
(Tanner 2001; Merkl et al. 2005; Davis et al. 2008; Seeger et al. 2011; Taylor et al. 2011;
Vymazal 2011; Noori et al. 2015; Papaevangelou et al. 2017; Cheng et al. 2017; McIntosh et
al. 2017). This is attributable to the activity of the microbes in the rhizosphere (Haberl et al.
2003; Seeger et al. 2011; Cheng et al. 2017). Stefanakis et al. (2016) reported the
performance for three HSSF CWs: A and C (planted) and B (unplanted) operating under the
same conditions. The planted beds achieved better removal efficiencies than the unplanted
bed Bwith removal efficiencies of 52.8% and 82.2% for Bed A, 49.6% and 72.3% for bed C
and 41.2% and 66.1% for bed B, for MTBE and benzene, respectively. Similarly, in a study
by Mustapha et al. (2015), VSSF CWs planted with Cyperus alternifolius and Cynodon
dactylon were significantly more effective than the unplanted VSSF CWs. The planted VSSF
CWs were able to reduce the concentrations of contaminants in the Kaduna refinery effluent
to the compliance limits set by the World Health Organization (WHO) and the Federal
Environmental Protection Agency (FEPA) of Nigeria. Also, from the results of an
investigation conducted by Taylor et al. (2010) with monocultures of 19 plant species, the
average COD removal in unplanted wetlands was 70% while the same parameter of
individual species was range from 70 to 97 %. Also, statistically significant differences in
transformation of organic compounds were found in the rhizosphere of plants from the sedge
and rush families (Cyperaceae and Juncaceae) compared to the grass (Poaceae) family
(Taylor et al. 2010).
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Merkl et al. (2005) reported that macrophytes can improve microbial degradation by
supplying oxygen to the root area along loosened soil aggregates and that remediation of
petroleum hydrocarbons is based on the stimulation of microbial degradation in the
rhizosphere. Chapelle (1999) also stressed the significance of oxygen as well as nitrogen and
phosphorus for the biodegradation of petroleum hydrocarbons. For example, Eke and Scholz
(2008) used Phragmites australis in their experiment for benzene removal. They reported that
Phragmites australis does not play an important role in removing benzene, in spite of being
given supplementary oxygen through its rhizomes, except nutrients (including fertilizer) are
provided. Dowty et al. (2001) further noted that if there is insufficient oxygen, microbial
degradation of oil may produce compounds that are toxic to plants (such as hydrogen

sulphide) or decrease limiting nutrients (nitrogen) to the extent of inhibiting plant growth.

Table 2.3: Examples of macrophytes used in petroleum contaminated wastewater treatment

Macrophytes Removal efficiency Reference

Cyperus alternifolius, TDS: 50-54%, BOD: 68-70%, COD: 63-65%, Mustapha et al., 2015
Cynodon dactylon (L.) NH4'-N:49-68%, NOs-N: 54-58% and

Pers. PO, P: 42-43%

Scirpus grossus 72.5% Al-Baldawi et al.,

2014
Aslam et al., 2010

Typha latifolia Fe: 49 %; Cu: 53%; Zn: 59%

Bur-reed, bulrush, To non-detect concentration at 40 % and 80 % Davis et al., 2009

Typha latifolia, of the gravel bed length

dogwood

Juncus roemerianus PAH: 84-100 %, n-alkanes : 85-99.8%  Lin and Mendelssohn,
2009

Schoenoplectus
californicus, Typha
latifolia
Phragmites karka

Phragmites spp.

Typha latifolia,
Scirpus californicus
Vetiveria zizanioides,
Phragmites australis,
Typha latifolia,
Lepironia artcutala
Phragmites australis
Scirpus californicus

Cd:25 - 99.6%, Cu: 89% -ND, Pb:93% - ND,
Zn: 40 — 99.8%, Cl: NR —99.5%

TSS:51-73 % and 39-56%; COD: 45-78 % and
33-61 %; BOD: 35-83 % and 35-69 %

COD : 71-80 %; BOD : 92-93 %; TKN : 81-
88 %; mineral oil: 81-86 %

95 %; 94 %;

Ammonia N: 97.7 %; COD:78.2 %; BOD:
91.4 %; oil: 95.35 %

90 %
66 % of soluble Zn

Kanagy et al., 2008

Aslam et al., 2007
Jietal.,, 2007

Murray-Gulde et al.,
2003
Xia et al., 2003

Moreno et al., 2002
Gillespie Jr et al,
2000
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Phragmites australis COD: 10.24 %; SS: 16.44 %; TKN:14.2 %; Simi, 2000
NH4 -N: 14.36 %; TP: 1.32 %; SRP: 13.44%

2.4.2 Microorganisms

2.4.2.1 Microbial ecology of petroleum degrading constructed wetlands

Constructed wetland systems support an ideal environment for the growth of microorganisms
(Saeed and Guangzhi 2012) which gives the microorganisms’ tremendous potential to uptake
and degrade pollutants (Wuyep et al. 2007). Microorganisms play the most crucial role in the
transformation and mineralization of nutrients and organic pollutants (Dordio and Carvalho
2013). Indigenous microorganisms utilize petroleum contaminants of crude oil as carbon and
energy source, thereby breaking down the hydrocarbons into simple non-toxic compounds
such as CO2 and H>O (De-qing et al. 2007). Petrohiles are unique microorganisms that utilize
these hydrocarbons as energy and carbon source (Bako et al. 2008).

Bioremediation is to a great extent enhanced by higher temperatures, humidity and soil
radiation (Merkl et al. 2005). A diverse microbial community of bacteria, fungi, algae, and
protozoa present in the aerobic and anaerobic zones of a wetland (Scholz 2003; McIntosh et
al. 2017), is able to degrade volatile organics such as benzene, toluene, ethylbenzene and p-
xylene (Eke and Scholz 2008; Sepahi et al. 2008; Davis et al. 2009). Dordio and Carvalho
(2013) stated that biodegradation of petroleum organic compounds is increased under aerobic
condition, while PCBs degrade faster under moderately reduced conditions.

It is assumed that the actual degradation process is performed by microorganisms in the
rhizosphere (Merkl et al. 2006). Therefore, their activities are very important to the
accomplishment of any treatment process in wetlands (Scholz 2003). Hydrocarbon utilizing
bacteria are present in almost all soil types and their population will grow if the right
feedstock is available (Ayotamuno et al. 2006; McIntosh et al. 2017). In the rhizosphere,
microbial diversity, density, and activity are more abundant and this can promote increased
phytoremediation activity (Hietala and Roane 2009). The enhanced remediation of
contaminants in the rhizosphere is due to high microbial densities and metabolic activities in
the rhizosphere, which can be attributable to microbial growth on root exudates and cell
debris originating from the plant roots (Weyens et al. 2009).

To improve the biodegradation rate of hydrocarbons, some activities can be considered: (i)
addition of nutrients, (ii) watering and (iii) bioagumentation, i.e. addition of suitable

microbiota (De-qing et al. 2007; Mclntosh et al. 2017). Some scientists have reported that the



46 | Treatment of petroleum refinery wastewater with constructed wetlands

action of adapted microorganisms depends on the microbial composition, contaminant type,
geology of the polluted site and chemical conditions of the contaminated site (Sepahi et al.
2008). Ayotamuno et al. (2006) investigated the remediation of a crude oil spill by combining
biostimulation with agricultural fertilizers. They concluded that enhanced degradation of
petroleum hydrocarbons can be achieved by the addition of nutrients and oxygen. This was
also confirmed by De-qing et al. (2007) and Sepahi et al. (2008). In addition, Fernandez-
Luqueno et al. (2011) concluded in their review that indigenous microorganisms have the
potential of remediating PAHs from a contaminated soil, although if the soil lacks nutrients it

could hinder microbial activity and consequently the mineralization of these contaminants.

2.4.2.2 Potential of hydrocarbon degrading microorganisms

The complex mixture of hydrocarbons in crude oil hinders their complete degradation by a
single strain of microorganisms. Therefore, degradation is mostly achieved by microbial
consortia and their broad enzymatic capacity (Merkl et al. 2006; Scullion 2006). Examples
of such diverse community members capable of utilizing crude oil as source of carbon and
energy include: Pseudomonas putida, Flavobacterium spp. (Huang et al. 2005);
Pseudomonas fluorescence (Ojumu et  al. 2005); Corynebacterium, Micrococcus,
Acinetobacter, Aerococcus (Ayotamuno et al. 2006); Staphylococcus, Serratia,
Chromobacterium, Alkaligenes (Abu and Dike 2008); Pseudomonas aeruginosa, Penicillium
janthinellum (Bako et al. 2008); Mycobacterium parafortuitum, Sphingobium yanoikuyae
(Tam and Wong 2008); Bacillus spp. (Sepahi et al. 2008); and Bacillus cereus (Idise et al.
2010).

Abu and Dike (2008) monitored natural attenuation processes in a model microcosm wetland
representing a typical Niger Delta (Nigeria) environment by comparing natural and enhanced
processes. A total of 28 bacteria were isolated and identified to the genus level (Table 2.4).
These bacteria have been reported by different researchers as crude oil degraders (Ojumu et
al. 2005; Bako et al. 2008, Idise et al. 2010). Their results showed a higher prevalence of
gram negative rod forms. They noted that naturally occurring microorganisms in crude oil-
impacted sediments can utilize hydrocarbons. However, oxygen was a limiting factor for
biodegradation of oil in polluted wetlands.

BTEX compounds are highly soluble and are extremely mobile in groundwater (Jechalke et
al. 2010). Benzene is the most toxic and water soluble BTEX compound while it can be
degraded by many microorganisms under oxic and hypoxic conditions (Jechalke et al. 2010).

Table 2.4 summarizes the potential of hydrocarbon degrading bacteria from the literature.
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Ojumu et al. (2005) studied Pseudomonas aeruginosa and Pseudomonas fluorescence for
their bioremediation potential of phenol biodegradation in refinery effluent. Phenol was
degraded completely by P. aeruginosa and P. fluorescence within 60 and 84 h, respectively.
Bako et al. (2008) evaluated the potential of P. aeruginosa and P. janthinellium and their
mutants had effective degradation of crude oil in the water samples taken from River Kaduna
(Nigeria) after two weeks of incubation at 30 °C. The study of Agarry et al. (2008) revealed a
high potential of P. aeruginosa NCIB 950 and P. fluorescence NCIB 3756, with P.
aeruginosa being more effective in degrading phenol in refinery effluent. Idise et al. (2010)
emphasized the need to stimulate the strains with organic fertilizer to achieve a better
outcome. Bacillus spp. (Bacillus S6 and Bacillus S35) isolated from crude oil was able to
utilize crude oil as carbon and energy source with increased optical densities and total viable
count concomitant with a pH decrease on the fifth day of the experiment (Sepahi et al. 2008).
Pseudomonas species are also accountable for about 87% of gasoline degradation in
contaminated aquifers (Eke and Scholz 2008).
Weyens et al. (2009) stressed the significance of plant-microbe partnerships for a successful
removal of organic contaminants. They also demonstrated how plants depend on their
associated microorganisms to efficiently remove organic compounds. These associated
microorganisms enhance the capability for a stepwise transformation of organic (petroleum)
contaminants by consortia and provide an environment that is favourable for genetic

exchange and gene rearrangements (Weyens et al. 2009).

Table 2.4: Effectiveness of strains of microorganisms involved in bioremediation of crude oil polluted

medium
Type of Microorganism Techniques Comment Reference
Pseudomonas aeruginosa Batch Pseudomonas aeruginosa was able ~ Ojumu et
and Pseudomonas fermentation and to completely remove phenol from al., 2004
fluorescence continuous the refinery effluent within 60 h of
culture cultivation and while Pseudomonas

fluorescence could only remove

73.1% of phenol within the same

period.
Pseudomonas aeruginosa Incubation for 2 All consortia were observed to have  Bako, et
and Penicillium weeks significant decreases in contents of  al., 2008
janthinellium phenol, oil and grease, phosphates,

ammonia, nitrates, and sulphates
after two weeks of incubation at
30°C.
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Pseudomonas, Micrococcus,  Natural Microorganisms occurring naturally ~ Abu and
Flavobacterium, attenuation in crude oil-impacted sediment Dike, 2008
Staphylococcus, Serratia, utilize hydrocarbons and therefore,
Corynebacterium, Bacillus, remediation of oil polluted

Chromobacterium and environment can be achieved.

Alkaligenes

Pseudomonas aeruginosa Batch Phenol was successfully degraded Agarry et

NCIB 950 and Pseudomonas fermentation by both species; with P. aeruginosa  al., 2008

fluorescence NCIB 3756 process more effective. They can both be

used for bioremediation of
petroleum refinery wastewater.

Bacillus cereus and Organic The strains achieved better results Idise et al.,

Pseudomonas aeruginosa fertilizer and (98.25% for oil and grease and 2010
modified strains  87.34% for total petroleum

hydrocarbons) when modified, and
treated with organic fertilizer (NPK
15-15-15).

Bacillus spp. Growth of The results of the test revealed that ~ Sephahi et
isolated Bacillus  Bacillus spp. can utilize crude oil as  al., 2008
on crude oil a carbon and energy source.

Bacillus sp. and Bioaugmentation Bioaugmentation was more effective Ijah and

Pseudomonas sp. with bacteria and than biostimulation. Antai, 2003
biostimulation
with poultry
manure

Bacillus, Corynebacterium, Fertilizer With nutrient supplementation, Ayotamuno

Pseudomonas, application and  bioremediation can achieve high et al., 2006

Flavobacterium,
Micrococcus, Acinetobacter
and Aerococcus

oxygen exposure

rates of degradation of petroleum
hydrocarbons in agricultural soils.

2.4.3 Role of substrate media of constructed wetlands

The substrate medium is an important component of a CW (Dordio and Carvalho 2013;
Papaevangelou et al. 2017). It provides surface area for plant and microbial film growth
(Papaevangelou et al. 2017). Furthermore, plant roots and microorganisms can have their
supplies of water, air and nutrients as well as some moderation of environmental conditions
that can influence their development, such as temperature or pH in the substrate media
(Dordio and Carvalho 2013). The substrate medium is the primary sink for heavy metals
present in the aquatic environment (Tirkey et al. 2012; Yadav et al. 2012; Papaevangelou et
al. 2017) and oil contaminants if they are not degraded (Abu and Dike 2008). Furthermore,
both the plant root zone and the substrate absorb ionic heavy metals (Chen et al. 2009) and

substrate media can have a higher absorptive capacity than the plant roots (Galletti et al.
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2010; Rani et al. 2011). Fine textured sediments can accumulate metals if they contain high
amounts of organic matter, in contrast, coarse textured materials have low affinity for metals
(Galletti et al. 2010). Papaevangelou et al. (2017) reported that Cr removal was accomplished
mainly through the substrate and attached organic matter, rather than plant itself through the

phytoremediation processes.

Gravel and sand are the most common types of substrate media used in CWs. These substrate
media have a limited adsorptive capacity and the capability of a wetland to remove inorganic
pollutants can greatly reduce overtime (Hua et al. 2015). Therefore, the capacity of substrate
media can be greatly improved by using active filter materials, e.g. with reactive Fe/Al

hydrous oxide adsorption surfaces (Hua et al. 2015).

2.5. Capital, operation and maintenance costs

The investment costs to consider for the construction of wetlands are basically land
acquisition, site survey, system design, site preparation, plastic liners for prevention of
ground water contamination, filtration, rooting media, vegetation, hydraulic control structures
and miscellaneous costs which may include fencing and access roads (Kivaisi 2001;
Rousseau et al. 2008; Vymazal 2010). In addition, Haberl et al. (2003) included specific
demands and circumstances of the site such as topography, distance to the receiving water,
existing devices and availability of necessary area into the costs. The costs of construction
greatly differ from one site-specific factor to the other, for example, flow control structures
may vary from US $2000 to US$ 80 000/10,000 m? for SF wetlands and up to US$ 150
000/10,000 m? for subsurface flow (SSF) wetlands (Allen, 2008) and approximately
€2200/PE in Upper Austria (Haberl et al. 2003). Excavation costs vary between 7 and 27.4%
of the total capital cost, while other cost goes to gravel (27 - 53%), lining (13-33%), plants
(2-12%), plumbing (6-12%), control structures (3.1-5.7%) and miscellaneous (1.8-12%)
(Vymazal 2010). The total investment costs vary even more globally, and the cost could be as
low as US $29/m? in India or US$33/m? in Costa Rica, or as high as €257/m? (Vymazal
2010) and €392/PE for SF and €1,258/PE for SSF wetlands in Belgium (Rousseau et al.
2008).

The capital cost for CWs may be influenced by the choice of substrate, plant species, basin
compartmentation, lining, flow structure, and other CWs components (Calheiros et al. 2009).
In general, the capital costs for FWS CWs are generally lower than for SSF CWs, this is

primarily due to lower quantity of media required for rooting soil on the bottom of the beds
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(Vymazal 2010). The average capital costs for SF wetland systems are US$200,000 per
hectare, while the free surface flow (FWS) systems cost approximately US$50,000 per
10,000 m?. The main cost difference between the two systems is in the expenses of acquiring
the gravel media and transporting it to the site. The construction cost per hectare is higher for
SF wetlands. The unit cost is US$163/m? (US$0.21/L) of wastewater treated for the SF type,
and US$206/m? ($0.21/L) for the FWS type (EPA (1993).

The cost of construction of CWs and that of conventional wastewater treatment plants are
similar (Haberl et al. 2003). Thus, well-designed wetland systems have low operating costs,
making them economically competitive with conventional treatment systems (Allen 2008).
Operation and maintenance (O&M) costs of CW include pumping energy if necessary,
compliance monitoring, maintenance of access roads and berms, pre-treatment, weed control,
vegetation harvesting, effluent sampling and control, cleaning of distribution systems and
pumps, equipment replacement and repairs (Haberl et al. 2003; Rousseau et al. 2008;
Vymazal 2010). Rousseau et al. (2008) reported an estimated range of US$2500 and
US§$5000/ha/yr for O&M costs for SSF CW and about US$1000/ha/yr for median cost for SF
CW. The basic costs are much lower, by a factor of 2-19, than those for competing

technologies using concrete and steel constructions (Vymazal 2010).

2.6. Conclusions

e Surface and subsurface flow constructed wetlands were successfully utilized for the
remediation of petroleum-contaminated wastewater. They simultaneously treated
multiples contaminants (BODs, COD, hydrocarbons, oil and grease, heavy metals,
nutrients and suspended solids) in the petroleum wastewater with a high level of
efficiency (> 70 %) with oil and grease and benzene treated below detection limits. They
are, therefore, a sustainable substitute to mechanical treatment systems to remediate
petroleum and oil refinery wastewater.

e The hybrid constructed wetlands showed a removal efficiency > 90% for CBODs, TPH,
BODs, TSS, BTEX and ammonia and benzene to non-detect level. Also, the aerated
constructed wetland systems showed a greater removal efficiency of the contaminants of
interest compared with the removal performance by the non-aerated system.

e The ability of constructed wetlands to purify wastewater depends on naturally occurring

physical, chemical and biological processes that take place within the system that



Ch. 2. Constructed wetlands to treat wastewater generated in conventional
petroleum refining industry: a review | 51

remove the various pollutants induced by the interaction of the plants, microorganisms
and soil particles.
Each of the components of constructed wetlands (plants, substrate media, microbial
biomass and the aqueous phase) play a crucial role in the transformation and
mineralization of nutrients and organic pollutants. The microorganisms play the most
vital role. The substrate medium is the primary sink for pollutants present in the aquatic
environment, it also have a higher absorptive capacity compared with the plant roots.
Surface flow constructed wetlands have the potential of breeding pests, odour problems
and generally, all the constructed wetlands types require greater land area than the
conventional mechanical treatment systems.
Overall, the remediation processes are enhanced by higher temperatures, humidity and

soil radiation which is favoured by the tropical climatic conditions.
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Abstract

The heterogeneity of refinery effluents are characterized by the presence of large quantities of
crude oil products, polyaromatic hydrocarbons (PAHs), phenols (creosols and xylenols),
metals and their derivatives, ammonia, suspended solids, and sulphides. Composite samples
were collected once every month from the final discharge channel of the Kaduna Refining
and Petrochemical Company (KRPC) for characterization in order to obtain baseline
information on the quality of effluent discharged into the environment. The measured
parameters were pH, temperature, electrical conductivity, dissolved oxygen (DO), turbidity,
total dissolved solids (TDS), total suspended solids (TSS), total solids (TS), biological
oxygen demand (BODs), chemical oxygen demand (COD), nitrate, ammonium-Nitrogen,
phosphate, potassium, sulphate, some metals (Cadmium (Cd), chromium (Cr), copper (Cu),
zinc (Zn), lead (Pb) and Iron (Fe)), oil & grease and phenol using standard methods. Based
on the Federal Environmental Protection Agency (FEPA) of Nigeria, European Union (EU)
guidelines and World Health Organization (WHO) standards, the treated secondary refinery
effluent contained high levels of BODs, COD, TSS, turbidity and some metals (Cd, Cr, and
Fe). This information is intended to serve as a baseline information for the quality of effluent
released into the environment. The challenges of KRPC is meeting the compliance (effluent
discharge) limits as well as cost-effective effluent treatment. Hence, constructed wetlands is a
viable alternative that are ecologically sustainable, economically affordable, and are effective
technology that can address many of the water-management problems faced by the petroleum

industry.

Keywords: Characterization; Refinery effluent; Contaminants; Quality, discharge limits
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3.1 Introduction

Water is the most valuable resource of the world alongside air and soil. It represents a vital
resource for a variety of human activities and also provides a living environment for an array
of aquatic organisms (Adeyemo, 2003). However, the global fresh water available,
particularly in developing countries, is deteriorating due to pollution and this is intensifying
its shortage (Aslam et al., 2010; Kivaisi, 2001). Indeed, contaminated water is unsafe and
uneconomical for domestic, agricultural and industrial purposes as well as for the

environment.

Nigeria is endowed with substantial resources of water body which is estimated at 900 Km?
(Ekiye and Zejiao, 2010), and this represent only 0.1% of its total land mass (Taiwo et al.,
2012). In developing countries, rivers are used as the end point of hazardous waste discharge
by industries (Jadia and Fulekar, 2009; Sikder et al., 2013). The release of untreated or
partially treated effluents into water body is one of the main sources of environmental
pollution, which can adversely affect its quality (Wake, 2005), municipalities and the people
that live around these rivers (Kanu and Achi, 2011). Furthermore, these affected people
depend heavily on these water sources of doubtful quality for domestic uses, fishery,
transportation, irrigation, and recreation (Ekiye and Zejiao, 2010; Igbinosa and Okoh, 2009).
Other sources of discharge of contaminants into rivers include land runoff and atmospheric
fallout (dust and particulate matter) (Wake, 2005). Thus, ensuring that water body is

protected from contamination is very vital to both the economy and health of the people.

3.1.1 Petroleum effluents

Petroleum is an essential instrument in the economy of Nigeria. Refining crude to finished
products requires very large quantities of water. The water use is such that about 56%, 16%
and 19% of the water is used in cooling systems, boiling systems, and production processes
while the remaining 9% is used in auxiliary operations (Nacheva, 2011). However, petroleum
refineries also generate large volume of effluent in the course of refining crude oil (Mustapha
et al., 2015; Atubi, 2011). Petroleum effluents are also generated as a result of storage and
distribution. These effluents are characterized by the presence of large quantities of crude oil
products, poly aromatic hydrocarbons (PAHs), phenols (creosols and xylenols), metals and
their derivatives, ammonia, suspended solids, and sulphides (Mustapha et al., 2015;

Diya'uddeen et al., 2011; Ali et al., 2005; Otokunefor and Obiukwu, 2005). The potential
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toxicities of these contaminants have been reported by a number of researchers (Mustapha et
al., 2015; Diya'uddeen et al, 2011; Idise et al., 2010; Mahre et al., 2007; Otokunefor and
Obiukwu, 2005; Wake, 2005; Yusuff and Sonibare, 2004). For example, ammonia is harmful
to fish or other aquatic organisms at free (un-ionized) concentration of 10-50 pg/l, and higher
pH and sulphide in the effluent are of environmental concern, because they can lead to poor
air quality of an area if not properly taken care of, thus, becoming threat to human, vegetation
and materials (Yusuff and Sonibare, 2004). Phenolic compounds pose a significant threat to
the environment due to their extreme toxicity, stability, bioaccumulation, and ability to
remain in the environment for long period (Diya'uddeen et al., 2011). Heavy metals such as
cadmium, chromium, lead, iron and zinc respectively, can adversely impact human health and
aquatic ecosystems by resulting in kidney and liver damages and deformation of bone
structures; cause skin cancer, convulsions and lung cancer in man; chronic intoxication can
lead to encephalopathy mainly in children; iron at high concentration can increase free
radicals production and is responsible for degenerative diseases and ageing and elevated zinc

intake can cause muscular pain and intestinal haemorrhage (Ho et al., 2012).

The quality of petroleum refinery effluents are very much depended on the type of oil being
processed, the plant configuration and operation procedures (Diya'uddeen et al., 2011;
Nacheva, 2011). The fate of the oil refinery effluent once it is discharged into the
environment depends on the conditions and hydrodynamics of the receiving water, this
effluent is inevitably diluted within the receiving water and the extent of dilution depends on
the size of the recipient and where the out fall is located whether it is intertidal or sub tidal
(Wake, 2005). There is need for proper monitoring of effluents released into the environment
in order to safeguard our ecosystem. According to the claim of Ho et al. (2012) discharged
effluents are not well treated due to lack of highly efficient and economic treatment
technology. Additionally, the Environmental Technologies Action Plan (ETPA) of the
European Union claims urgent action for better water quality and protection of our natural
resources with high priority given to sound environmental water treatment technologies that
will reduce greenhouse gases, recycle materials and provide all partner countries with

affordable technologies (Schroder et al., 2007).

Well, constructed wetland treatment technology are ecologically sustainable, economically
affordable, and are effective technology that can address many of the water-management
problems such as recycling and reuse, reduce greenhouse gases, and can meet stringent rules

by government and regulatory authorities facing petroleum-related industries (Allen, 2008).
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Constructed wetlands (CWs) are used for all types of wastewater treatment around the world
(Vymazal, 2008). If they are correctly built, operated, and maintained (Rousseau et al., 2008),
they can effectively restore sites of a wide variety of contaminants ranging from BOD,
suspended solids, nitrogen, phosphorus, heavy metals, volatile organics, semi-volatile
organics, petroleum hydrocarbons, pesticides and herbicides, PAHs, chlorinated solvents, to
non-chlorinated solvents in storm water or municipal, agricultural and industrial wastewaters
(Marchand et al., 2010; Imfeld et al., 2009). Additionally, CW can also supply predictable
water quality (Ji et al., 2007). Therefore, the objectives of this chapter are: (1).
Characterization of refinery effluent in order to have a baseline information on the quality of
discharged effluent and (2). To compare the results with national (Federal Environmental
Protection Agency, FEPA) and international (WHO) regulatory authorities standard limits. If

need be, further treatment by using constructed wetlands.

3.2 Materials and methods

3.2.1 Description of experimental study site

The description of the study site, its location, climatic conditions and production capacity
were described in chapter 1. KRPC Kaduna discharges about 100, 000 m* of secondary
treated refinery wastewater per day. The company employs a series of physical, chemical and
biological treatment methods for the generated wastewater before being released into the
discharge channel. The treatment methods include: oil skimming, oxidation, biodegradation,
clarification, chemical oxidation, filtration and evaporation. An investigation on the quality of
this secondary discharged effluent was conducted from September 2011 to December 2012 to

allow the design of the constructed wetlands used in this study (Chapter 4).

3.2.2 Physical and chemical quality characterization

Samples of secondary refinery effluent were taken monthly from the refinery effluents
discharge channel prior to discharge into the environment for a period of sixteen months from
the month of September 2011 through December 2012. For the purpose of this study, this
secondary refinery effluent will be referred to as secondary wastewater. Secondary
wastewater samples were taken just below the surface at the sampling location once monthly.
The containers were thoroughly rinsed three times with the wastewater before samples were
taken. Samples were collected with a plastic water sampler into 2 L labelled polyethylene

containers and 250 ml capacity borosilicate glass bottles. The bottles were labelled
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accordingly. Table 3.1 presents analytical equipment and methods used for the

characterization of secondary refinery wastewater.

In-situ measurements were carried out for pH, temperature and turbidity using handheld
instruments. A portable HACH conductivity meter was used for electrical conductivity and
temperature and a HANNA Instrument LP 2000 turbidity meter was used for turbidity
determination. The samples were then placed in an ice-chest and convened to the laboratory
for the determination of biological oxygen demand (BODs) chemical oxygen demand (COD),
total dissolved solids (TDS), total suspended solids (TSS), nitrate-N, ammonium-N, and
phosphate-P. These parameters were analyzed according to the procedures described in the
Standard Methods for the Examination of Water and Wastewater (APHA, 2002): Open
reflux, titrimetric method for COD (Maine et al., 2009); 5-Day incubation method for BODs
(Maine et al., 2009); gravimetric methods for TDS, TSS and spectrophotometric analysis for
phosphate, spectrophotometric analysis for nitrate-N and ammonium-N (HACH, 1997). The

samples that could not be analyzed same day were refrigerated.

The heavy metal (cadmium, chromium, copper, zinc, lead and iron) contents in the
discharged secondary refinery wastewater were investigated. Heavy metals were determined
using atomic absorption spectrophotometer (AAS) according to the procedures described in

the Standard Methods for the Examination of Water and Wastewater (APHA, 2002).

The concentrations of phenol and O&G in the discharged secondary refinery wastewater were
analyzed by ASTM D 1783 for phenol and gravimetric method after solvent extraction with
xylene for oil and grease determination according to the procedure described in the Standard

Methods for the Examination of Water and Wastewater (APHA, 2002).

Table 3.1: Analytical equipment and methods for characterization of refinery effluents

Parameter Symbol Equipment/Analytical Method
pH pH HORIBA pH meter
Temperature, °C T°C HORIBA pH meter

Electrical conductivity, uS/cm  Ec HANNA Instrument EC 215
Turbidity, TNU - HANNA Instrument LP 2000
Dissolve Oxygen, mg/L DO Winkler's Modification Method

Total Suspended Solids, mg/L.  TSS Gravimetric after filtration
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Total Dissolve Solids, mg/L TDS Gravimetric
Biological Oxygen demand, BODs  5-Day Incubation

mg/L
Chemical oxygen demand, COD Dichromate digestion method
mg/L
Ammonium Nitrogen, mg/L NH4s- HACH DR/2010 Portable logging

N spectrophotometer
Nitrate, mg/L NO;-N HACH DR/2010 Portable logging

spectrophotometer

Phosphate, mg/L PO4*-P  Spectrophotometry 752 UV
Potassium , mg/L K Flame Emission Photometric Method
Cadmium, mg/L Cd Atomic Absorption Spectrophotometry
Chromium, mg/L Cr Atomic Absorption Spectrophotometry
Copper, mg/L Cu Atomic Absorption Spectrophotometry
Zinc, mg/L Zn Atomic Absorption Spectrophotometry
Iron, mg/L Fe Atomic Absorption Spectrophotometry
Lead, mg/L Pb Atomic Absorption Spectrophotometry
Phenol, mg/L - ASTM D 1783
Oil and Grease, mg/L 0&G Gravimetric method

3.2.3 Data analysis

The rank-based nonparametric Mann-Kendall (MK) statistical test (Kendall, 1975; Mann,
1945), a spreadsheet (Makesen 1.0) developed at the Finnish Meteorological Institute (Salmi
et al., 2002) was used to assess the significance of monotonic trends in time series (Samsudin
et al., 2017; Zelenakova et al., 2017; Anghileri et al., 2015; Meals et al., 2011) to detect the
significant trends. The MK was used because it is a nonparametric test which does not require
the data to be normally distributed and it has a low sensitivity to abrupt breaks due to
inhomogeneous time series (Karmeshu, 2012). The trend-free pre-whitening method was
used before applying the MK test to detect significant trends. The Mann-Kendell test statistic

5 is given as:

-1 n

S:Z sgn(xj—xk)

k-1 j=k+1 (3.1)

>
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where N is the length of the time series Xi . X, sgn() s a sign function, X, and X« are

. E(S|=0
values in years ) andkK, respectively. The expected value of S equals zero ( [ ] ) for

series without trend and the variance is computed as:

()= 5| (n-D@n+5)-S, 1), ) 6

th

Here Y is the number of tied groups and tp is the number of data values in p group. The

test statisticZ is then given as:

s——21 if s>0
Vo (s)
=<0 if s=0
L it s<0
3.3 Results

3.3.1 Characterization of secondary refinery wastewater

The physicochemical quality of the secondary wastewater discharged into the discharge
channel is presented in Table 3.2. The characterized secondary refinery wastewater was
composed of organic and inorganic compounds including salts, suspended solids and metals.

The composition varied with the production processes.

The pH varied between 6.3 £ 0.0 and 8.5 + 0.1 (n=32) within the sixteen months of data
collection. There was a significant difference (P<0.05) in the observed pH values among the
different months throughout the duration of the characterization. Temperature ranged from
21.5+ 0.7 to 31.2 + 0.4 °C with September 2012 having the highest temperature (31.2 + 0.4
°C).

The mean turbidity concentrations varied significantly among the months with mean effluents
turbidity values ranging from 12.2 £ 0.3 to 253.0 £ 0.7 NTU. These values were higher than
the allowable limit of 5.0 NTU. Turbidity was significantly different among the months

throughout the period of assessment.
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Total dissolved solids (TDS) comprise all the dissolved material present in a wastewater. The
range of TDS (146.7 £ 0.1 to 446.0 = 0.4 mg/L) in the secondary wastewater was within the
allowable limit of the WHO. On the other hand, total suspended solids (TSS) were generally
observed to be above the limit (<30 mg/L) set by the Federal Environmental Protection
Agency (FEPA) of Nigeria. The mean TSS concentration in the effluent was significantly
different (P<0.05) between the months, however, the mean concentrations for March and
April, 2012 were not significantly different (P>0.05) from each other. The refinery
wastewater had a mean BODs concentration that varied between 35.2 + 34.9 and 283.8 = 1.0

mg/L.

The mean nitrate-N concentrations in the secondary wastewater were generally low ranging
from 0.3 £ 0.1 to 3.4 + 0.1 mg/L, while the mean ammonium concentration was between 0.4
+ 0.1 and 12.6 £ 0.1 mg/L. There was significant difference (P<0.05) in the mean
concentration of ammonium-N within some observed months, while no significant
differences (P>0.05) were observed in other months. Meanwhile, there was a high significant
difference in the mean phosphate-P concentrations among the observed months, but the level
of phosphate-P recorded in the months of March and May 2012 were not significantly
different from each other at P>0.05. The mean phosphate-P concentration ranged from 1.3 +

0.0 to 15.7 £ 0.0 mg/L.

3.3.2. Heavy metal concentrations in secondary refinery wastewater

The results of the secondary refinery wastewater are presented on Table 3.3. The mean heavy
metal concentrations in the secondary wastewater showed that Cd, Cu, Pb and Zn were within
the safe limits of effluent discharge while Cr and were above the WHO recommended limits
for drinking water (Table 3.3). However, the concentrations ranged between 0.00 — 0.03
mg/L for Cd, 0.01 — 0.05 mg/L for Cu, 0.01 — 0.06 mg/L for Pb, 0.03 — 0.80 mg/L for Zn,
0.01 — 3.4 mg/L for Cr and 0.5 — 16.9 mg/L for Fe. The monthly mean concentration of the
heavy metals were found to be generally in this order of increasing magnitude of Cd < Cu <

Pb < Zn < Cr < Fe.

3.3.3. Special organic contaminant concentrations in secondary refinery
wastewater

The phenol and oil and grease concentrations in the discharged secondary treated refinery
ranged from 0.01 - 1.16 pg/L and from 0.7 - 14.2 mg/L, respectively. The results is presented

in Table 3.4. The mean phenol concentrations in the discharged effluent were higher than the
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minimum recommended value of < 0.1 ug/L while the mean oil and grease concentrations

were within the recommended limit of 10 mg/L.

3.3.4 M-K test
Table 3.5 presents the results from the trend analysis based on the Mann-Kendall

nonparametric statistical test for a critical probability run at significance levels of 5 and 10%
on time series data for each of the 23 parameters coupled with the Theil-Sen approach
applied to the data set for the time period of 16 months. The trend analysis of 16 months
study for the 23 parameters revealed that 6 parameters: DO, TDS, TS, COD, Cr and Fe
(Table 3.5) showed negative significant trends, implying decrease in the concentrations of the
parameters during the period under consideration. In addition, out of the remaining 17
parameters, 8 (temperature, phosphate, potassium, sulphate, cadmium, zinc, phenol and oil
and grease) display insignificant positive trends (i.e., increase in concentrations over time),
while the rest 9 (pH, Ec, turbidity, TSS, BODs, nitrate, ammonium, copper and lead) depict
negative trends that are not statistically significant. The rate of change was highest in TS (-
18.35), but least in phenol (0.0021). However, three parameters — cadmium, chromium and
lead showed an interesting trend as they show no change. With the application of the Theil-
Sen Estimator, it thus implied that there was no strong changes in the concentration of the
parameters recorded over the 16 months period. However, the insignificant positive trends of
temperature, phosphate, potassium, sulphate, cadmium, zinc, phenol and oil and grease have
led to the decreasing concentration of DO indicating contamination of the discharged
effluent. Aside the fact that increased temperature reduces the amount of DO, it also increases
the rate of evapotranspiration (Adonadaga, 2014) increasing the concentrations of the
contaminants in the discharged effluent. Thus, this calls for further treatment or polishing of

the secondary refinery effluent.



Table 3.2: Characteristics of physio-chemical quality of secondary refinery wastewater from September 2011 to December 2012

Parameter Sept  Oct Nov Dec Jan Feb Mar Apr May Jun Jul  Aug Sept Oct Nov Dec Mean Min Max rﬁ:ﬁgg&
2011 2011 2011 2011 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 limits
pH 7.0 7.5 6.8 8.4 6.9 8.5 7.8 74 6.7 6.6 6.5 83 6.6 6.5 6.6 7.4 7.2 6.5 85 6.0-9.0
Temperature(®C) 22.0 27.6 247 25.6 289 26.1 280 240 27.1 266 247 274 31.1 288 298 248 26.7 22.0 31.1 30-36
Ec (uS/cm) 1297 1548 1564 1643 1957 11133 1241 1206 1355 1544 1167 1165 1173 1270 1471 1232 1372 111 195 1000
1 i .0 33 7
DO (mg/L) 2.0 1.6 1.3 1.5 1.0 1.2 0.8 1.9 1.4 1.3 1.7 1.1 1.0 1.4 1.2 1.4 1.4 08 2.0 <0.2
Turbidity (TNU)  36.6  50.0 383 253.0 452 13.3 26.7 33.6 59.0 710 164 136. 436 21.0 533 122 56.8 122 253. 5
0 0
TDS (mg/L) 331.3 3789 402.0 4179 4463 402.7 199.1 203. 127. 216. 181. 181. 156. 238. 385. 146. 276.0 127. 446. 500-
8 2 2 8 2 6 0 5 7 2 3 2000
TSS (mg/L) 22.7 198 493 301.8 3363 153.6 107.0 107. 109. 27.8 1.1 502 5.1 4.0 45.0 38.6 862 1.1 336. 30-50
2 8 3
TS (mg/L) 354.0 398.7 4514 719.7 7825 5563 306.1 311. 237. 244. 182. 231. 161. 242. 430. 185. 3622 161. 782. -
0 0 0 9 4 7 0 5 3 7 5
BOD (mg/L) 1323 706 1103 1029 1176 119.2 1192 101. 140. 110. 59.6 60.0 104 61.1 283 118. 107.3 104 283. 10-25
3 1 3 1 2 1
COD (mg/L) 2353 2789 2734 3629 2344 2912 208.0 260. 340 272. 96.0 134. 402 80.6 520. 843 2327 402 520. 40-60
0 0 6 8 8
NO;-N (mg/L) 0.7 0.6 0.7 3.3 0.3 0.3 0.7 04 0.9 1.0 0.3 0.3 0.4 0.3 1.0 0.3 0.7 03 33 20-50
NH4"*-N (mg/L) 1.7 11.8 0.5 10.9 2.1 12.5 29 07 1.2 2.5 0.3 0.4 0.6 0.4 8.2 0.8 3.6 0.3 125 0.1-1.0
PO4*-P (mg/L) 7.0 39 2.2 15.6 6.4 2.8 63 29 6.3 4.8 1.3 2.4 3.2 5.0 8.1 8.3 5.4 1.3 156 5




Table 3.3: Characteristics of heavy metals in secondary refinery wastewater from September 2011 to December 2012

Parameter Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Mean Recommended
2011 2011 2011 2011 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 limits
Cd mg/L) <0.002 <0.002 <0.002 <0.01 <0.01 <0.01 <0.01 0.00 0.01 0.03 <0.001 <0.01 <0.01 0.02 0.01 0.01 0.005  0.002-1.0
Cr (mg/L) <0.01 34 2.8 0.08 ND ND ND ND ND ND ND ND ND ND ND 0.01 0.4 0.05
Cu(mg/L) <0.05 <0.5 <0.05 <0.01 0.03 0.01 <0.001 0.03 0.03 0.02 <0.01 <0.01 0.04 <0.001 <0.001 0.05 0.01 1.5
Zn (mg/ 0.80 <0.5 <0.05 0.10 0.28 0.13 0.03 0.11 026 0.20 0.09 0.10 0.06 0.15 0.27 0.12 0.17 1.0-3.0
Fe (mg/L) 8.3 16.9 53 1.2 1.7 0.5 1.0 1.3 1.4 54 0.8 1.6 1.2 0.7 2.8 0.7 32 20
Pb mg/L) <0.01 <0.01 <0.01 0.02 <0.02  0.06 <0.02 0.02 0.06 <0.01 0.01 <0.001  0.06 <0.001 <0.01 0.02 0.015 0.05
Key note: ND - Not detected
Table 3.4: Characteristics of organic contaminants in secondary refinery wastewater from September 2011 to December 2012
Parameter Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec M Mi M Recommended
ean in ax
2011 2011 2011 2011 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 2012 limits
Phenol <0.1 0.10 0.10 0.10 0.10 0.12 026 <0.01 0.24 ND 0.12 <0.01 029 0.13 1.16  0.01 0.17 0.01 116 <0.1
(Hg/L)
0&G <0.1 2.6 4.5 <0.1 <0.1 1.4 3.89 <1.0 14.2 ND 2.5 <1.0 53 0.7 10.1 0.9 2.9 0.7 14.2 10.0
(mg/L)

Key note: ND - Not detected
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Table 3.5. Summary of statistical significant trends of the physical, chemical and organic quality of
Kaduna Refinery wastewater from a 16-month data series from September 2011 — December 2012

Parameter TestZ Significance Slope
pH -1.4857 - -0.0381
Temperature (0C) 1.5323 - 0.2600
Ec (uS/cm) -1.3957 - -15.3482
DO (mg/L) -2.3862 * -0.0767
Turbidity (TNU) -0.4952 - -0.8900
TDS (mg/L) -1.9360 + -12.6903
TSS (mg/L) -1.3057 - -5.1810
TS (mg/L) -2.4762 * -18.6648
BOD (mg/L) -0.4507 - -0.9982
COD (mg/L) -1.6658 + -13.4873
Nitrate (mg/L) -0.8865 - -0.0063
Ammonia N (mg/L) -1.3957 - -0.1344
Phosphate (mg/L) 0.0901 - 0.0351
Potassium (mg/L) 1.5898 - 0.2027
Sulphate (mg/L) 0.9014 - 1.4714
Cadmium (mg/L) 1.2151 - 0.0000
Chromium (mg/L) -1.9345 + 0.0000
Copper (mg/L) -1.6167 - -0.0024
Zinc (mg/L) 0.3158 - 0.0015
Iron (mg/L) -1.6658 + -0.1289
Lead (mg/L) -0.1429 - 0.0000
Phenol (ng/L) 0.8745 - 0.0021
Oil and grease (mg/L) 0.5881 - 0.0697

« Significant at a = 0.05, -+ significant at o = 0.1 and - not significant

3.4. Discussion

3.4.1 Implication of the discharge of secondary treated refinery wastewater

into the environment

The secondary refinery wastewater revealed that pH, temperature and nitrate-N were within
the permissible limits. The nature of the secondary refinery wastewaters was such that it
ranged between weakly acidic and weakly basic (6.3 £ 0.0 and 8.5 = 0.1). A similar
occurrence was reported for oil refinery effluents by Gulshan and Dasti (2012). The low pH
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of the oil refinery wastewater can induce the dissociation of iron phosphate in solution and
vice versa, also the high pH can cause more carbonate and bicarbonate in water (Lawson,
2011).

Turbidity, total dissolved solids (TDS), biological oxygen demand (BODs), chemical oxygen
demand (COD), ammonium-N and phosphate-P were above the permissible limits. High
turbid water is often associated with the possibility of microbiological contamination
(Igbinosa and Okoh, 2009). Also, if such effluent is discharged into water bodies, it will
affect fish and aquatic life (Akan et al., 2008).

The BODs and COD concentrations were above the recommended limits of 10 mg/l and 40
mg/l, respectively allowed by both the WHO and FEPA in discharged effluents (Nwanyanwu
and Abu, 2010). Discharge of effluents into the environment with high levels of BODs and
COD imply that less oxygen is available for living organisms (Kaur et al., 2010). In addition,
this may indicate toxic conditions and the presence of biologically resistant organic
substances in the effluent (Yusuff and Sonibare, 2004; Mahre et al., 2007).

Nutrients are required by plants for growth; however, high concentrations of nutrients are
largely responsible for eutrophication, depletion of dissolved oxygen and pollution of water
bodies (Chang et al., 2010). The values of ammonium-N in the discharged effluents generally
exceeded the FEPA limits of discharged effluent. In the majority of the months (9 out of 16
months), the mean phosphate-P concentrations exceeded the FEPA limits of 5 mg/l (Israel et
al., 2008). This study showed that it is paramount to further polish these contaminants in the
treated refinery effluent to non-hazardous levels to protect the aquatic ecosystem and people
downstream of the river who use the river as source of water for domestic and agricultural

purposes.

3.4.2. Heavy metal content in the secondary oil refinery wastewater

Generally, cadmium concentrations were low and the values were below the FEPA set limits
of 1.0 mg/l while the few times Cr was detected in the discharged effluents, the values were
above the permissible limits. Well, chromium (III) compounds are less damaging to health
due to their limited absorptions by the body (<1%). However, chromium (VI) compounds are
acutely poisonous and on contact with the skin, it triggers dermatitis, allergies and irritations,
it is thus considered carcinogenic to humans (Ali et al., 2005). Fe is an essential nutrient for
blood and skeleton, with very high concentration in the body leading to tissue damage and
hyperhaemoglobularia (Ali et al., 2005). Although, the concentration of Fe was the highest, it
was still within the FEPA set limit of 20 mg/1 but above the WHO recommended limits of 0.1
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mg/L for drinking water. The Zn concentrations were low for all the observed months but
accumulations in the receiving bodies with time will be problematic to aquatic ecosystems.
The concentrations of Pb were all below the recommended limits in the observed months. Of
course, accumulation of lead with time, if the discharged effluent is not well treated will
result into neurological damage of fetuses, abortion and other complications in children under

three years old (Ali et al., 2005).
3.4.3 Organic contaminants

Oily refinery wastewater is a mixture of hydrocarbons and phenol (Ishak et al., 2012) and the
discharge of such wastewater into waterbodies have detrimental impacts on the
environmental and human health. Phenol is toxic to aquatic life and lead to liver, lung, kidney
and vascular system infection (Ishak et al., 2012). Thus, this wastewater need to be

adequately treated before being released into the environment.

3.5 Conclusions
e The Characterization of discharged secondary treated refinery wastewater from KRPC

Kaduna was investigated in this study from September 2011 to December 2012. The
results revealed that TSS, turbidity, BODs, COD, sulphate and phenol in the
discharged effluents were above the recommended limits of FEPA and WHO. The
treatment methods employed by KRPC cannot sufficiently remove the contaminants
to desired recommended limits.

e Secondary refinery wastewater is an indisputable pollution source for water courses.

e The concentration of Cd, Cu, Zn, Fe and Pb in the characterized effluents were below
the threshold limits except for Cr.

e The Mann-Kendell trend analysis showed negative significant trends for most of the

measured parameters while cadmium, chromium and lead showed no change.

3.6 Acknowledgement
The authors acknowledge the management of Kaduna Refinery and Petrochemical Company,

Kaduna, Nigeria for giving us the opportunity to conduct this research in their company. The

Government of the Netherlands for their financial assistance (NFP-PhD CF7447/2011).



86 | Treatment of petroleum refinery wastewater with constructed wetlands

3.7 References

Adeyemo, O. (2003). Consequences of Pollution and Degradation of Nigerian Aquatic
Environment on Fisheries Resources. The Environmentalist 23: 297-306.

Adonadaga, M.-G. (2014). Climate change effects and implications for wastewater treatment
options in Ghana. Journal of Environment and Earth Science 4(8): 9-17.

Akan, J. C., Abdurrahman, F. 1., Dimari, G. A., Ogugbuaja, V. O. (2008). Physicochemical
determination of pollutants in wastewater and vegetable samples along the Jakara
wastewater channel in Kano metropolis, Kano State, Nigeria. European Journal of
Scientific Research 23(1):122-133. ISSN 1450-216X.
http://www.eurojournals.com/ejsr.htm

Ali, N., Oniye, S. J., Balarabe, M. L., Auta, J. (2005). Concentration of Fe, Cu, Cr, Zn and Pb
in Makera-Drain, Kaduna, Nigeria. ChemClass Journal 2: 69-73.

Allen, W. E. (2008). Process water treatment in canada's oil sands industry: ii. a review of
emerging technologies. Journal of Environmental Engineering and Science 7: 499-524.
doi:10.1139/S08-020

Anghileri, D., Pianosi, F., Soncini-Sessa, R. (2015). Trend detection in seasonal data: from
hydrology to water resources. Journal of Hydrology 511:171-179.
doi:10.1016/j.jhydrol.2014.01.022

APHA. (2002). Standard methods for the examination of water and wastewater (20th ed.).
Baltimore, Maryland, USA, Maryland, USA: American Public Health Association.

Aslam, M. M., Malik, M., Braig, M. A. (2010). Removal of metals from refinery wastewater
through vertical flow constructed wetlands. International Journal of Agriculture and
Biology 12:796-798. Retrieved from http://www.fspublishers.org

Atubi, A. O. (2011). Effect of Warri refinery effluents on water quality from the Lffie River,
Delta State, Nigeria. American Review of Political Economy 45-56. Retrieved June 20,
2016, from https://sites.bemidjistate.edu/arpejournal/wp-
content/uploads/sites/2/2015/11/v9n1-atubi.pdf

Chang, N.-B., Xuan, Z., Daranpob, A., Wanielista, M. (2010). A Subsurface up flow wetland
system for removal of nutrients and pathogens in on-site sewage treatment and disposal
systems. Environmental Engineering Science 1-14. doi:10.1089/ees.2010.0087

Diya'uddeen, B. H., Wad Daud, M. A., AbdulAziz, A. R. (2011). Treatment technologies for
petroluem refinery effluent: A review. Process Safety and Environmental Protection

89:95-105. doi:10.1016/j.psep.2010.11.003



Ch. 3. Characterization of secondary treated refinery effluent | 87

Ekiye, E., Zejiao, L. (2010). Water quality monitoring in Nigeria: Case study of Nigeria's
industrial cities. Journal of American Science 6(4): 22-28. Retrieved June 20, 2016, from
http://www.americanscience.org/

Gulshan, A. B., Dasti, A. A. (2012). hysico - chemical nature of oil refinery effluents and it's
effects on seed germination of certain plant species. ARPN Journal of Agricultural
Biological Science 7(5): 342-345. ISSN 1990-6145

HACH. (1997). Water Analysis Handbook (3rd ed.). Loveland, Colorado, USA: HACH
Company.

Ho, Y., Show, K., Guo, X., Norili, I., Alkarkhi Abbas, F. M., Morad, N. (2012). Inustrial
discharge and their effects to the environment. In: P. K.-Y. Show (Ed.) Industrial Waste.
pp. 1-33. Croatia: INTECH. Retrieved June 22, 2016, from www.intechopen.com

Idise, O. E., Ameh, J. B., Yakubu, S. F., Okuofo, C. A. (2010). Biodegradation of a refinery
effluent treated with organic fertilizer by modified strains of Bacillus cereus and
Pseudomonas aeruginosa. African Journal of Biotechnology 9(22): 3298-3302.
doi:10.5897/AJB10.229

Igbinosa, E. O., Okoh, A. 1. (2009). Impact of discharge wastewater effluents on the physico-
chemical qualities of a receiving watershed in a typical rural community. Internatioal
Journal of Environmental Science and Technology 6(2):175-182. Retrieved June 22, 2016

Imfeld, G., Braeckevelt, M., Kuschk, P., Richnow, H. H. (2009). Monitoring and assessing
processes of organic chemicals removal in constructed wetlands. Chemosphere, 74(3),
349-362. doi:10.1016/j.chemosphere.2008.09.062

Ishak, A., Malakahmad, A., Isa, M. (2012). Refinery wastewater biological treatment: A short
review. Journal of Science and Industrial Research 71:251-258.

Israel, A. U., Obot, I. B., Umoren, S. A., Mkepenie, V., Ebong, G. A. (2008). Effluents and
solid waste analysis in a petrochemical company- a case study of Eleme Petrochemical
Company Ltd, Port Harcourt, Nigeria. E-Journal of Chemistry 5(1): 74-80. Retrieved
from http://www.e-journals.net

Jadia, C., Fulekar, M. (2009). Phytoremediation of heavy metals: Recent techniques. African
Journal of Biotechnology 8(6):921-928.

Ji, G. D., Sun, T. H., Ni, J. R. (2007). Surface flow constructed wetlands for heavy oil-
produced water treatment. Bioresources Technology 98:436-441.

doi:10.1016/j.biortech.2006.01017



88 | Treatment of petroleum refinery wastewater with constructed wetlands

Kanu, I., Achi, O. K. (2011). Industrial effluents and their impact on water quality of
receiving rivers in Nigeria. Journal of Applied Technology Sciences Research 2(4):304-
311.

Karmeshu, N. (2012). Trend detection in annual temperature and precipitation using the
Mann Kendall Test — A case study to assess climate change on select states in the
northeastern United States. University of Pennsylvania, Department of Earth &
Environmental Science. Pennsylvania: University of Pennsylvania. Retrieved from
http://repository.upenn.edu/mes_capstones/47

Kaur, A., Vats, S., Rekhi, S., Bhardwaj, A., Goel, J., Tanwar, R. S., Gaur, K. K. (2010).
Physico-chemical analysis of the industrial effluents and their impact on the soil
microflora. Procedia Environmental Science 2: 595-599.
doi:10.1016/j.proenv.2010.10.065

Kendall, M. (1975). Rank Correlation Methods. London: Charles Griffin.

Kivaisi, A. K. (2001). The potential for constructed wetlands for wastewater treatment and
reuse in developing countries; a review. Ecological Engineering 16: 545-560. PII: S0925-
854(00)00113-0

Kumar, N., Bauddh, K., Kumar, S., Dwivedi, N., Singha, D. P., Barman, S. (2013).
Accumulation of metals in weed species grown on the soil contaminated with industrial
waste and their phytoremediation potential. Ecological Engineering 61:491-495.
Retrieved from http://dx.doi.org/10.1016/j.ecoleng.2013.10.004

Lawson, E. O. (2011). Physico-chemical parameters and heavy metal contents of water from
the mangrove swamps of Lagos Lagoon, Lagos, Nigeria. Advance Biological Research
5(1):8-21.

Mahre, M. Y., Akpan, J. C., Moses, E. A., Ogugbuaja, V. O. (2007). Pollution indicators in
River Kaduna, Nigeria. Trends Applied Science Research 2(4): 304-311.

Maine, M. A., Sune, N., Hadad, H. R., Sanchez, G., Bonetto, C. (2009). Influence of
vegetation on the removal of heavy metals and nutrients in a constructed wetland.
Environmental Management 90:355-363. doi:10.1016/j.jenvman.2007.10.004

Mann, H. (1945). Nonparametric tests against trend. Econometrica , 13, 245-259.

Marchand, L., Mench, M., Jacob, D. L., Otte, M. L. (2010). Metal and metalloid removal in
constructed wetlands, with emphasis on the importance of plants and standardized
measurements: A review. Environmental Pollution 158(12):3447-3461.

doi:10.1016/j.envpol.2010.08.018



Ch. 3. Characterization of secondary treated refinery effluent | 89

Meals, D., Spooner, J., S.A, D., Harcum, J. B. (2011). Statistical analysis for monotonic
trends. 23. Tetra Tech Inc. Fairfax, VA: U.S. Environmental Protection Agency.

Mustapha, H. 1., van Bruggen, J. J. A., Lens, P. N.L (2015). Vertical subsurface flow
constructed wetlands for polishing secondary Kaduna refinery wastewater in Nigeria.
Ecological Engineering 84: 588-595. doi:10.1016/j.ecoleng.2015.09.060

Nacheva, P. M. (2011). Water management in the petroleum refining industry. In: M. Jha and
M. Jha (Ed.), Water Conservation. pp. 105-128. Mexico: INTECH. Retrieved May 12,
2013

Nwanyanwu, C. E., Abu, G. O. (2010). In vitro effects of petroleum refinery wastewater on
dehydrogenase activity in marine bacterial strains. Ambi-Agua, Taubaté 5(2): 21-29.
doi:10.4136/ambi-agua.133

Otokunefor, V. T., Obiukwu, C. (2005). Impact of refinery effluent on the physicochemical
properties of a waterbody in the Niger Delta. Applied Ecology and Environmental
Research, 3(1): 61-72. Retrieved from http://www.ecology.kee.hu

Rousseau, D. P., Lesage, E., Story, A., Vanrolleghen, P. A., De Pauw, N. (2008). Constructed
Wetlands for Water Reclamation. Desalination 128(1-3):181-189.
doi:10.1016/j.desal.2006.09.034

Salmi, T., Méditta, A., Anttila, P., Ruoho-Airola, T., Amnell, T. (2002). Detecting trends of
annual values of atmospheric pollutants by the Mann-Kendall Test and Sen’s slope
estimates. . Helsinki, Finland: Publications on Air Quality No. 31. ISBN 951-697-563-1.
ISSN 1456-789X.

Samsudin, M. S., Khalit, S. L., Juahir, H., Mohd Nasir, M. F., Kamarudin, M. K., Lananan, F.
(2017). Application of Mann-Kendall in Analyzing Water Quality Data Trend at Perlis
River, Malaysia. International Journal on Advanced Science Engineering Information
Technology 7(1):78-85.

Schréder, P., Navarro-Aving, J., Azaizeh, H., Azaizeh, H., Goldhirsh, A. G., DiGregorio, S., .
.. Wissing, F. (2007). Using phytoremediation technologies to upgrade waste water
treatment in Europe. Environmental Science and Pollution Research - International 14(7):
490-497. doi:10.1065/espr2006.12.373

Sikder, M. T., Kihara, Y., Yasuda, M., Mihara, Y., Tanaka, S., Odgerel, D., Kurasaki, M.
(2013). River water pollution in developed and developing countries: judge and
assessment of physicochemical and characteristics and selected dissolved metal

concentration. CLEAN-Soil Air Water 41(1): 60-68. doi:10.1002/clen.201100320



90 | Treatment of petroleum refinery wastewater with constructed wetlands

Taiwo, A. M., Olyjimi, O., Bamgbose, O., Arowolo, T. (2012). Surface water quality
monitoring in Nigeria: Situational analysis and future management strategy, water quality
monitoring and assessment. In D. Voudouris (Ed.), Water quality monitoring and
assessment. pp. 301-320. InTech. Retrieved June 20, 2016, from www.intechopen.com

Vymazal, J. (2008). Constructed Wetlands for Wastewater Treatment: A Review. In: M. A.
Sengupa (Ed.), Proceedings of Taal2007: The 12th World Lake Conference, pp. 965-980.

Wake, H. (2005). Oil refineries: a review of their ecological impacts on the aquatic
environment. Estuarine Coastal and Shelf Science 62: 131-140.
doi:10.1016/j.ecss.2004.08.013

Yusuff, R. O., Sonibare, J. A. (2004). Characterization of textile industries' effluents in
Kaduna, Nigeria and pollution implications. Global Nest: the International Journal 212-
221.

Zelenakova, M., Vido, J., Portela, M. M., Purcz, P., Blistan, P., Hlavata, H. H. (2017).
Precipitation trends over Slovakia in the period 1981-2013. Water 9:1-20.
doi:10.3390/w9120922



Ch. 4. Vertical subsurface flow constructed wetlands
for polishing secondary Kaduna refinery wastewater

in Nigeria

This chapter has been presented and published as:

Hassana Ibrahim Mustapha., Bruggen van J. J. A., P. N. L. Lens., 2013. Preliminary studies on the
application of constructed wetlands for treatment of refinery effluent in Nigeria: A mesocosm scale
study. In: Proceedings of the 2013 Nigerian Society of Engineers' International Engineering

Conference, Exhibition and Annual General Meeting, Abuja, Nigeria (9 - 13th December 2013).

Mustapha, H. ., van Bruggen, J., Lens, P. L., 2015. Vertical subsurface flow coonstructed wetlands
for polishing secondary Kaduna refinery wastewater in Nigeria. Ecol. Eng. 85, 588-595.
doi:10.1016/j.ecoleng.2015.09.060



92 | Treatment of petroleum refinery wastewater with constructed wetlands

Abstract

Secondary wastewater discharged by the Kaduna refining and petrochemical company in
Kaduna (Nigeria) was characterized and treated in six vertical subsurface flow constructed
wetlands (VSF CW) under field conditions. The secondary refinery wastewater had high
levels of BODs (106 + 58.9 mg/L), COD (232 + 121.2 mg/L), TSS (86.1 + 99.7 mg/L), TDS
(278.8 £ 112.7 mg/L) and a turbidity of 56.8 + 59.2 NTU. Cyperus alternifolius and
Cynodon dactylon (L.) Pers. were planted in four VSF CWs and the last two VSF CWs
served as the unplanted control. The VSF CWs were operated to study if they can further
reduce the concentrations of the contaminants of interest. Good reductions in the
concentration of the contaminants were achieved which corresponds to the removal rates of
54%, 85%, 68%, 65%, 68%, 58% and 43% for TDS, turbidity, BODs, COD, ammonium-N,
nitrate-N and phosphate-P respectively, for the C. alternifolius planted VSF CW and 50%,
82%, 70%, 63%, 49%, 54% and 42% for the C. dactylon planted system. Hence, C.
alternifolius and C. dactylon planted VSF CWs were shown capable of treating contaminated
refinery effluent to discharge permit limits. For most of the parameters considered the
performance of the C. alternifolius and C. dactylon planted VSF CW systems was not
significantly different from each other, however, they performed significantly better than the

unplanted control.

Keywords: Petroleum refinery wastewater, vertical flow constructed wetlands, contaminants,

polishing, planted systems, permit limits.
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4.1 Introduction
Refinery effluent refers to wastewater generated from refining crude oil and manufacturing
fuels, lubricants and petrochemical intermediates (Diya'uddeen et al., 2011). According to
Igunnu and Chen (2012) approximately 40 million m? of water are produced daily globally
from both oil and gas fields, and more than 40 % of it partially treated is discharged into the
environment. The petroleum refinery wastewater produced is characterized by a great range
of organic and inorganic pollutants including total dissolved solids (TDS), phenol, oil and
grease, ammonia, sulphide and polyaromatic hydrocarbons (Ahmadun et al., 2009; Hoshina
et al., 2008). Thus, it is desirable to treat this wastewater to permit limits before discharge
into the environment. Some of the treatment methods used are membrane filtration, thermal
treatment, biological aerated filters, hydro-cyclones, gas flotation and evaporation ponds
(Diya'uddeen et al., 2011). Disadvantages of these treatment technologies are that some of the
wastewater generated during backwash and cleaning processes requires further treatment,
high level of skilled labour is required, sludge accumulation in the sedimentation basins
which can account for up to 40 % of the total cost of the technology, as well as lack of water
recovery (Igunnu and Chen, 2012). Simple, low-cost, low energy consumption and effective
treatment technologies such as constructed wetlands are desirable, especially for developing

countries.

Constructed wetlands (CWs) are integrated eco-systems consisting of shallow ponds or
channels planted with aquatic plants, which rely on microbial, biological, physical and
chemical processes to purify wastewater containing dissolved or particulate pollutants (Dipu
and Thanga, 2009; Imfeld et al., 2009; Mena et al., 2008; Vymazal, 2011). The wetlands are
engineered to treat various types of wastewater, ranging from domestic to industrial (Kadlec
and Wallace, 2008). In addition, when they are compared with conventional treatment
systems, they are ecologically friendly (Jing and Lin, 2004; Ong et al., 2009), have low
investment and operation costs (Yang and Hu, 2005) and produce high quality effluent with
less dissipation of energy. Asides these, they are relatively simple to operate (Kivaisi, 2001;

Song et al., 2006).

CWs can be built in all continents except Antarctica (Vymazal, 2011). They are particularly
ideal for tropical and subtropical regions where the climate supports plant growth and
microbial activity all year round which enhances the remediation processes (Merkl et al.,

2005). Both surface and subsurface CWs are very effective in treating petroleum
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contaminants to compliance limits, both at small and large scale (Ji et al., 2002; Murray-
Gulde et al., 2003; Shpiner et al., 2009; Wallace, 2001). Despite all the benefits of CWs for
petroleum wastewater treatment, there is no research available in Nigeria focusing on this
treatment system. This study is, therefore, aimed at bridging this gap and to assess for the
first time the potentials of subsurface flow CWs for treatment of secondary refinery effluent
in Nigeria. Also, conventional treatment methods cannot properly remove all contaminants of
concern in the effluents of petroleum refineries. Thus, this study is aimed at using VSF CWs
planted with locally available plants (C. alternifolius and C. dactylon) at the Kaduna refinery
discharge point to effectively remove the remaining contaminants in the secondary refinery
effluent to meet the compliance limits prior to discharge into the environment as well as to
identify indigenous bacteria found in the environment associated with petroleum pollution

that can contribute to the treatment of such wastewater under tropical conditions.

4.2 Materials and methods

4.2.1 Description of experimental study site

The study site is located at the Kaduna Refining and Petrochemical Company (Kaduna,
Nigeria). The Kaduna state is located in the Northern guinea savannah ecological zone of
Nigeria. It lies between Latitude 9 ° N and 12 ° N and Longitude 6 °E and 9 ° E of the prime
meridian. The climatic condition is categorized by constant dry and wet seasons. The rains
begin in April/May and ends in October, while the dry season starts late October and stops in
March of the subsequent year. The mean annual rainfall is between 1450 - 2000 mm with a
mean daily temperature regime ranging from 25 to 43° C, and a relative humidity varying
between 20 and 40% in January and 60 and 80% in July. It has a solar radiation ranging
between 20.0 - 25.0 Wm day! (NIMET, 2010).

The Kaduna Refinery and Petrochemical Company (KRPC) is the third largest refinery in
Nigeria (Bako et al., 2008). It has a capacity of 110,000 barrels per stream day (BPSD). The
company processes Escravos light crude and Ughelli Quality Control Centre (UQCC) crude
oil into fuels and lubes products (Mohammed et al., 2012). In the cause of processing crude
oil into finished goods, lots of processes require the use of water for several purposes, hence,
wastewater is generated. The company employs a series of physical, chemical and biological
treatment methods for the generated wastewater before being released into the discharge
channel.  The treatment methods include: oil skimming, oxidation, biodegradation,

clarification, chemical oxidation, filtration and evaporation. An investigation on the quality of
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this secondary discharged effluent was conducted from September 2011 to December 2012 to

allow the design of the constructed wetlands used in this study.

4.2.2 Refinery effluent sampling

For the purpose of this study, this secondary refinery effluent will be referred to as secondary
wastewater. Secondary treated wastewater samples were taken from the VSF CW outlets
twice monthly. The containers were thoroughly rinsed three times with the treated wastewater
before samples were taken. Samples were collected with into 2 litres labeled polyethylene
containers. In-situ measurements were carried out for pH, temperature and turbidity using
handheld instruments. A portable HACH conductivity meter was used for electrical
conductivity and temperature and a HANNA Instrument LP 2000 turbidity meter was used
for turbidity determination. The samples were then placed in an ice-chest and convened to the
laboratory for the determination of biological oxygen demand (BODs), chemical oxygen
demand (COD), total dissolved solids (TDS), total suspended solids (TSS), nitrate-N,
ammonium-N, and phosphate-P. These parameters were analyzed according to the procedures
described in Standard Methods for the Examination of Water and Wastewater (APHA, 2002):
Open reflux, titrimetric method for COD (Maine et al., 2009); 5-Day incubation method for
BODs (Maine et al., 2009); gravimetric methods for TDS and TSS, spectrophotometric
analysis for phosphate, spectrophotometric analysis for nitrate-N and ammonium-N (HACH,

1997) and total plate counts for bacteriological analysis.

4.2.3 Constructed wetland design and operation

In January 2012, six VSF CWs were developed with cylindrical containers (Fig.4.1), they
were set up near the effluent drain channel of KRPC. Each vertical unit had a diameter of 47
cm and a height of 55 cm and a total volume of 95 litres. The media used was gravel mixed
with coarse sand. The buckets were filled with a layer of 20 cm of gravel (25 - 36 mm) and
coarse sand, followed by 15 cm medium sized gravel (16 - 25 mm) followed by 15 cm of 6 -
10 mm sized gravel particles at the top. Four buckets were planted with C. alternifolius and
C. dactylon found growing freely within the refinery premises. Two buckets without
macrophytes served as the control. The schematic diagram of the microcosm study is shown
in Fig. 4.2. Fig. 4.2 shows the inflow of the secondary wastewater (influent) and the outflow

of the treated wastewater (effluent).
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Secondary wastewater was pumped from the refinery drain through a diverting channel using
a 5.5 horse power pump into 5000 capacity litre collection tank which subsequently flows
into VSF CWs by gravity continuously through perforated polyvinylchloride (PVC) pipe of
size of 50 mm installed with control valves that regulate the flow rate (Figs. 4.1 and 4.2) at
hydraulic loading rates of 4.65 L/m? h and a theoretical hydraulic retention time of 48 hours
with a porosity of 0.40 and pore volume of 38L. The control valves were inserted at the
outlets of the dosing tank and the VSF CWs. The perforated pipes installed at the inlet and
out of the cells were used to enable equal distribution of wastewater in and out of the
wetlands. The influent tank (5000 L) was refreshed every 5 to 7 days with secondary

wastewater.

4.2.4 Bacteriological sampling and analysis

Influent and effluent samples were collected from the VSF CWs for analysis using standard
methods starting in May 2012. Gravel samples were taken at 40 cm depth from the six VSF
CWs and plant roots were taken at the same depth from the four planted VSF CWs for total
viable bacteria count and identification following the protocol described by Hamza et al.
(2012) and Kaur et al. (2010). For the gravel and roots of each plant, the samples were placed
in Eppendorf tubes containing distilled water for 1h and then were shaken well. 1 ml from
these solutions was mixed in 9 ml sterilized water to make a 10! serial dilution of this
solution, also 1 ml of the wastewater samples collected from each of the wetlands were mixed
in 9 ml sterilized water to make a 10! dilution. 20 g of nutrient agar was put in 1 L graduated
flask; it was filled up with sterilized water to the mark. This was autoclaved at 10.342 Kpa
and 120 °C for 20 min, it was allowed to cool down to 37 °C. 1 ml of each of the dilutions
was spread evenly on agar-medium Petri dishes to determine the number of populations per
gram of samples. Individual colonies of bacteria strains were identified based on culture,
morphology and biochemical test using the method described by Hamza et al. (2012) and
Kaur et al. (2010).
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Fig.4.1. (a) Experimental set up, (b) the macrophytes at start-up, (c) C. dactylon five months after

planting and (d) C. alternifolius five months after planting.

i —
Plant type

PVC

e piping

VSF CW

Substrate
media

Outflow

(a). Cyperus alternifolins (k). Unplanted control (c). Cvnodon dactyvlon

Fig. 4.2. Schematic diagram of experimental set-up showing the inflow (influent) and outflow (effluent)
pipes of the different VSF CWs: (a) C. aternifolius, (b) unplanted and (c) C. dactylon
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4.2.5 Data analysis

Statistical analysis was performed using the SPSS Statistics 16.0 for Windows (SPSS Inc.,
Chicago, IL, USA; version 16.0). One way analysis of variance (ANOVA) at 95%
significance level was used to examine the performance of the treatment types. Homogeneity
of variance tests was done by Levene Statistic and multiple comparisons using Tukey Honest
Significant difference (HSD). The Lowest Standard Deviation (LSD) and Duncan Multiple
Range (DMR) test were used to compare the means between influent and effluents of the
treatment types for the selected parameters of concern.

The treatment efficiency of the system was calculated as the percent of contaminant removal,

R for each of the parameters using the following formula:

R = 55 <100 (1)
Ci

where R is the contaminant removal in percent, C; is the influent concentration, mg/L and C.

is the effluent concentration, mg/L.

4.3 Results

4.3.1 Treatment efficiencies of the VSF - CWs

Table 4.1 gives the physical, chemical and nutrient qualities of influent (secondary
wastewater) and the treated wastewater (effluent) by the VSF CWs planted with C.
alternifolius and C. dactylon. The influent pH had a mean value of 7.3 + 1.6. The pH of the
effluents from the C. alternifolius VSF CWs ranged between 6.9 + 0.3 and 7.0 + 02 (weakly
acidic) and C. dactylon VSF CW ranged was averagely 6.9 + 0.2 (weakly acidic).

The mean influent turbidity concentration (32.1 £ 16.1 NTU) was significantly (p < 0.05)
higher than the treated effluents (C. alternifolius, C. dactylon and control VSF CW). C.
alternifolius planted VSF CWs had values that ranged from 4.8 £ 5.2 and 5.0 £ 5.9 NTU,
while effluents from C. dactylon planted VSF CWs contained 5.5 £ 7.1 and 6.3 £ 7.5 NTU.
The secondary wastewater had TDS concentrations of 255.5 + 70.3 mg/L. These
concentrations were reduced in all the VSF CWs. In the C. alternifolius planted VSF CWs,
TDS effluent concentrations were reduced to 116.6 £ 25.8 mg/L, while in the C. dactylon
VSF CWs, effluent concentration were between 127.0 £ 29.6 mg/L and 128.1 mg/L + 29.8.

The influent TDS concentrations were significantly different from the planted units and the
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unplanted, but the effluents from the planted units were not significantly different from each
other. However, they significantly different from the unplanted.
The mean influent TSS was 60.8 + 20.2 mg/L. The mean effluent concentrations in C.
alternifolius and C. dactylon planted VSF CWs were between 25.6 + 6.3 to 26.6 + 7.9 mg/L
and 26.2 = 5.1 mg/L, respectively. The control unit had TSS effluent concentrations ranging
from 36.9 £ 9.5t0 37.3 £10.3 mg/L.
The TSS concentrations were thus reduced to below the threshold limit of 30 mg/L; however,
this was not achieved in the control units. The mean TSS concentrations were compared
statistically, and it showed that the planted VSF CWs were not statistically different from
each other, but they significantly different from the unplanted VSF CWs.
BODs concentrations in the influent were 95.3 + 41.4 mg/L. The effluent concentrations in
the C. alternifolius planted VSF CWs ranged between 29.1 + 30.8 to 32.8 + 35.0 mg/L and C.
dactylon planted units between 28.7 + 31.4 to 28.9 + 25.0 mg/L. The unplanted VSF CWs
had BODs concentrations ranging from 48.8 + 22.8 to 52.0 £ 22.8 mg/L. The Duncan
multiple range test was used to compare the BODs of all the treatment systems. There was no
significant difference (p > 0.05) in the BODs of the C. alternifolius and C. dactylon planted
VSF CWs; however, the planted VSF CWs showed statistically significant difference (p <
0.05) in their BODs from that of the unplanted VSF CWs.

The influent mean COD concentration was 164.0 = 61.9 mg/L. The effluents of the C.
alternifolius and the C. dactylon planted wetlands varied significantly between 55.3 + 66.8
mg/LL and 585 + 653 to 62.1 £ 61.1 mg/L, respectively, with lower mean COD
concentrations than the unplanted with mean COD concentrations from 95.4 + 54.3 to 98.7
55.2 mg/L. However, no significant difference was found between the effluent mean COD

concentrations of the C. alternifolius and C. dactylon planted CW systems.

The mean influent nitrate-N and ammonium-N concentrations were 1.6 + 1.0 mg/L and 1.8 £
1.6 mg/L, respectively. The mean nitrate-N reduction in C. alternifolius and C. dactylon
planted VSF CWs was not significantly different, although, they showed significant
differences from the unplanted VSF CWs. Meanwhile, the mean ammonium-N concentration
reduction in C. alternifolius planted VSF CW was significantly higher (p < 0.05) than C.
dactylon planted VSF CW and the unplanted VSF CWs. Moreover, also the removal in the C.
dactylon planted VSF CW was significantly (p < 0.05) higher than the unplanted VSF CW.
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The mean influent phosphate-P concentrations were 4.0 + 2.0 mg/L. C. alternifolius planted
VSF CWs (2.2 £1.5t0 2.4 £ 1.5 mg/L) and C. dactylon (2.2 + 1.5 to 2.5 £ 1.8 mg/L) planted
VSF CWs showed no significance difference at p < 0.05. The mean phosphate-P
concentrations were within the discharge limit throughout the period of investigation.

In this present study, reduction of the TDS concentrations was observed both in the C.
alternifolius and C. dactylon planted VSF CWs with a concentration reduction of 54% and
50%, respectively, while the unplanted cells had a TDS reduction of only 41% as shown in
Fig. 4.1. Only effluents from the C. alternifolius planted VSF CWs met the turbidity 5.0 NTU
discharge permit limit. Yet, all the units including the unplanted VSF CWs had a turbidity
removal of over 60% (Fig. 4-3). The primary mechanism for the removal of solids in CWs is
sedimentation and filtration.

The average BODs removal efficiency amounted to 68%; 70% and 47% for the C.
alternifolius, C. dactylon and unplanted VSF CWs, respectively. However, these reductions
were not within the threshold limits of 10 mg/LL of WHO and FEPA. Meanwhile, average
COD removal efficiencies of 65% and 63% were observed for C. alternifolius and C.
dactylon planted VSF CWs, respectively. The unplanted VSF CWs had an average COD

removal of 40%.

4.3.2 Properties of bacterial isolates in wastewater, gravel and root media

Bacterial counts showed various genera of aerobic bacteria present in effluent from VSF
CWs, gravel and root samples collected from the VSF CWs (Figure 4.2a and Figure 4.2b).
The pure cultures of bacteria in the media consisted of rod-shaped and coccoid bacteria
(Table 4.2). The cultures were mainly gram-positive (with the exception of two cultures),
some cultures were pigmented (purple, yellow, pink and golden yellow) and others were not.
The cultures were subjected to four carbohydrate tests. The tests were mainly negative. The
biochemical characteristics of the isolates are shown in Table 4.2. The isolates from wetland
VSF CWs belong to the families of Bacillaceae, comprising 3 species (B. cereus, B.
lichenformis and B. subtilis), Enterobacteriaceae, comprising 2 genera Klebsiella (i.e
Klebsiella pneumoniae) and Escherichia (E. coli) as well as Micrococcaceae comprising 2
genera (Micrococcus and Staphylococcus). These isolates were identified on the basis of their

morphology and biochemical properties.
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The total number of bacteria in the composite wastewater, gravel and root samples from the
six VSF CWs ranged from 3.2 x 10? to 2.3 x 10° CFU/g wet weight; 5.9 x 10? to 7.9 x 10?
CFU/g wet weight and 4.9 x 10° to 7.4 x 10 CFU/g wet weight in March 2012, for
respectively, wastewater, gravel and root samples. In August 2012, the total number of
bacteria found in the collected samples had increased, ranging from 2.2 x 10* to 2.2 x 10°
CFU/g wet weight; 8.0 x 10* to 4.8 x 10° CFU/g wet weight; 5.7 x 10° to 6.8 x10° CFU/g wet
weight for wastewater, gravel and root samples, respectively. C. dactylon (L) planted VSF
CWs had the highest bacterial number in its effluent and C. alternifolius planted VSF CWs
having the least in March, 2012. However, in August, 2012, the unplanted control VSF CW
had the lowest bacterial count. Generally, most of the bacteria were found on the roots of the
plants in the wetland cells (Fig. 4.2).
Post hoc multiple comparisons were conducted for the total bacteria count found in the
wastewater samples and on the gravel and roots of the plants using the Tukey HSD, LSD and
Bonferroni test. The total bacteria count in the wastewater in C. alternifolius planted VSF
CW was not significantly different from C. dactylon planted VSF CW and the control VSF
CW over time. The results were also tested using a two-way multivariate analysis of variance
(MANOVA), which revealed a similar trend where the total bacteria count in the wastewater
were not significantly different from each other, irrespective of the time of sample collection
(March 2012 and August 2012) and the types of plants used (C. alternifolius and C. dactylon)
as well as the control system (no plant).
The total bacterial count found on the gravel in C. alternifolius and C. dactylon planted VSF
CWs were not statistically different from each other, however, they were significantly
different from those found on the gravels in the control cell. Subjecting the results to the
Duncan test, the total bacterial count on the gravel of all the VSF CWs varied significantly
from each other.
The total bacterial count found on the root samples of C. alternifolius and C. dactylon plants
were not significantly different from each other. At the start-up of the treatment system
(March 2012), the C. alternifolius planted system had a higher number of bacteria. However,

in August 2012; there were more bacteria on the roots of C. dactylon plants.
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Fig. 4.3. Removal efficiency of wastewater parameters based on initial and final concentrations. Note:
Values on the same column with different superscript are significantly different (P < 0.05) while those
with the same superscript are not significantly different (P = 0.05) as assessed by LSD, Tukey (HSD)

and Duncan’s Multiple Range Test.



Table 4.1: Physical and chemical characteristics of influent qualities and effluent of planted and control VSF CWs treating Kaduna refinery

wastewater

Treatment o~ Turbidity BODs COD Nitrate-N ~ Ammonium- Phosphate-
types pH Temp, °C NTU) (mgl)  (mgL) (mgL) N(mgL) P (mgL)
Influent 7.3%£1.6* 28.4°4+23 32.1°tl6.1 255.5°470.3 95.3°¢41.4 164.00°461.9 1.62°+1.0  1.81°t1.6 4.0°42.0
C.alternifoliusl  6.9%+0.3  28.0°41.9  5.0*£5.9 116.6£26.9 32.8*435.0 59.16°+76.3  0.63%+0.7 0.49+0.6 2.441.5
C.alternifolius2  7.0°%+0.2  28.0°+1.9 4.82+5.2 116.6* £25.8 29.1*+30.8 55.28*+66.8 0.74*t0.8  0.70°t0.8 2.2%+1.5
C.dactylonl 6.9%402  28.1%+1.8  5.5%+7.1 127.0£29.6 28.7°431.4  58.45%+65.3  0.75*+0.7 1.00%+1.4 2.2°41.5
C,dactylon2 6.9%402 27.9%+41.9 6.3+ 7.5 128.17+£29.8 28.9%425.0  62.09%+61.1  0.77°40.7  0.87%+1.2 2.5°+1.8
Controll 7.4%1.1  28.342.0 10.6°+9.6 156.8+34.5 48.8%°+22.8  9537%+54.3  1.35°+0.9 1.58%+1.3 3.3%42.0
Control2 7.4%+1.0 28.3%2.0 11.3*+10.4 161.3%+38.7 52.0°+22.8 98.72%+55.2 1.39°+1.0 1.90%+1.8 3.33%4+2.0
WHO&FEPA*  6.0-9.0 40.0 5.0 10 40 - 0.2 5.0

a Mean + standard deviation (SD). Values are Means of two replicate (n=2), Values are Mean *Standard Deviation. Values on the same column with different superscript are
significantly different P< 0.05) while those with the same superscript are not significantly different (P > 0.05) as assessed by LSD, Tukey (HSD) and Duncan’s Multiple Range
test. * WHO (World Health Organization) and FEPA (Federal Environmental Protection Agency, Nigeria) Permissible limits for wastewater discharge

Table 4.2. Biochemical properties of bacterial isolates from the VSFCWs effluent, gravel and roots

Organisms Pigment Gram stain reaction ~ CAT SH CIT URE HAE MR VP IND H.S T (SH(;
Bacillus cereus - Positive Rod + + - - - - - -
Bacillus lichenformis - Positive Rod + + + - + - -
Bacillus subtilis - Positive Rod - + + B + - . 4
Escherichia coli - Negative Rod + + - + - + - + 4+
Klebsiella pneumoniae - Negative Rod + - + - + + + .
Micrococcus agilis Purple Positive Cocci + - - - - -
Micrococcus luteus Yellow Positive Cocci + - - - - - -
Micrococcus roseus Pink Positive Cocci + - - - - - -
Staphylococcus roseus Golden Yellow  Positive Cocci + - - - - + o+
Staphylococcus aureus - Positive Cocci + _ R B . L
Staphylococcus feacaus - Positive cocci - - Y - - +  +
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Key:
CAT = Catalase test CIT = Citrate utilization test MR = Methyl red test H,S = hydrogen sulphide
COUG = Coagulase test URE = Urease Test VP = Voges Proskauer G = Glucose Sugar Fermentation test
SH = Starch hydrolysis test HAE - Haemolysis test IND = Indole test S = Sucrose sugar fermentation test
production test F = Fructose Sugar Fermentation test
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Note: Values on the same column with different superscript are significantly different P< 0.05) while those with
the same superscript are not significantly different (P > 0.05) as assessed by LSD, Tukey (HSD) and Duncan’s
Multiple Range Test.

Fig. 4.4. Mean total bacteria count in C. altenifolius and C. dactylon planted and control VSF CWs in

(&) March 2012 and (b) August 2012.



Ch. 4. Vertical subsurface flow constructed wetlands for polishing secondary
Kaduna refinery wastewater in Nigeria | 105

4.4 Discussion

4.4.1 Vertical subsurface flow CW for petroleum secondary effluent treatment
VSF CWs planted with C. alternifolius and C. dactylon effectively removed the contaminants
from the secondary refinery wastewater. Many processes are involved in the removal of these
contaminants. For example, the mechanism of suspended matter removal is primarily through
physical processes like interception and settling (Mustafa, 2013). Also, BODs and COD
reduction in wastewater treatment imply organic matter mineralization and metabolism
within the treatment system (Hadad et al., 2006; Maine et al., 2009). Generally, there was
significant removal of the contaminants of concern in the polished refinery wastewater from
the C. alternifolius and C. dactylon CWs. Effluents from C. alternifolius planted VSF CWs
varied significantly from C. dactylon planted VSF CWs (Table 4.2). However, the unplanted
VSF CWs did not vary significantly from the C. dactylon planted VSF CWs (Table 4.2).

The BODs and COD removal efficiencies achieved in this study is consistent with the
removal efficiencies from other studies (Karimi et al., 2014; Kurniadie, 2011). But were
higher than the results reported in Kantawanichkul and Wannasri (2013). While Ebrahimi et
al. (2013) in their study of the efficiency of C. alternifolius achieved a 72% COD reduction in
municipal wastewater. In this present study, nitrate-N removal efficiencies of 58%, 54% and
17% for C. alternifolius, C. dactylon and control cell respectively, were achieved (Figure
4.3). Dissolved oxygen is a limiting factor in the refinery effluent, thus, nitrogen removal
pathways from such wastewater in wetlands may be mainly attributed to denitrification, as
suggested in the literature (Maine et al., 2006; Garcia et al., 2010). There was a reduction
percent of 43%, 42% and 17% phosphate-P, respectively by the C. alternifolius, C. dactylon
and control treatment VSF CWs. Mustafa (2013) achieved a phosphate reduction efficiency
of 52%, indicating that phosphorus removal processes in wetlands were through sorption,
precipitation and biomass storage and that the lower phosphate removal efficiencies were due
to a lower binding capacity of wetland soil.

From our study, it is evident that planted systems performed better than the unplanted control
and this was true for other previous studies as well (Chang et al., 2010; Chen et al., 2006;
Jing and Lin, 2004; Maine et al., 2009; Taylor et al., 2011). These observed reduction
efficiencies were probably achieved through movement of effluent along the wetlands. In
general, the present study showed the good potential of vertical subsurface flow constructed

wetlands for the treatment of refinery wastewater.
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4.4.2 Bacteriological analysis of subsurface flow constructed wetlands

Microbial distribution and community composition in wetland environments, as well as their
physiological and metabolic adaptations are necessary factors in the remediation of oil
polluted refinery effluents (Oliveira et al., 2012). The result revealed an increase in the total
plate count from March 2012 to August 2012. This may be due to growth of the bacterial
population favoured by the conducive wetland environment. In this study, Micrococcaceae
were found to be the most predominant species, followed by Bacillaceae, Klebsiella
(Klebsiella pneumoniae) and then Escherichia (E. coli). The presence of these bacteria in the
VSF CWs investigated was expected, accordingly, Hamza et al. (2012) recovered
Micrococcaceae and Bacillaceae from Kaduna refinery effluent. Their finding is in
agreement with our study in which Micrococcaceae were the predominant species in Kaduna
refinery effluents. In their studies (Hamza et al., 2012), Bacillus subtilis and Micrococcus
luteus reduced COD by 56.2 % and 52.4 %, respectively. Likewise, the significant different
in total bacterial counts in the planted VSF CW systems of this present study may be
attributed to biological removal processes (Shabir et al., 2013). Bako et al. (2008) conducted
a study to evaluate the potential of Pseudomonas aeruginosa and Penicillium janthinellum
and their mutants to degrade of crude oil in the river Kaduna. The consortia were observed to
have a significant decrease in ammonia, nitrate, phosphate and sulphate concentrations.
According to Oliveira et al. (2012), these isolated bacteria are found in environments
associated with petroleum pollution, suggesting their potential for the remediation of such

wastewaters.

4.5 Conclusions

The quality of the refinery effluent treated by VSF CWs was investigated. This study
revealed that pH and TDS were within the recommended effluent discharge limits, however,
the secondary refinery wastewater had high levels of TSS, BODs, COD, turbidity,
ammonium-N and phosphate-P. These levels were higher than the permissible levels of
discharge allowed by WHO and FEPA. Effluent concentrations were reduced in the C.
alternifolius and C. dactylon planted wetland VSF CWs. Comparing the treatment
performances of the planted VSF CWs, C. alternifolius and C. dactylon planted VSF CWs
were significantly not different from each other. However, C. alternifolius planted VSF CWs
performed better than the C. dactylon planted VSF CWs in terms of their reduction of

ammonium-N concentrations. Thus, both C. alternifolius and C. dactylon planted systems are
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able to reduce the concentrations of contaminants in the Kaduna refinery effluent to the

compliance limits set by WHO and FEPA.
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Abstract

Typha latifolia-planted vertical subsurface flow constructed wetlands (VSSF CWs) can be
used to treat petroleum refinery wastewater. This study evaluated if the removal efficiency of
VSSF CWs can be improved by changing the plant species or coupling horizontal subsurface
flow constructed wetlands (HSSF CWs) to the VSSF CW systems. The VSSF CWs had a
removal efficiency of 76% for biological oxygen demand (BODs), 73% for chemical oxygen
demand (COD), 70% for ammonium-N (NH4"-N), 68% for nitrate-N (NOs™-N), 49% for
phosphate (PO4*-P), 68% for total suspended solids (TSS) and 89% for turbidity. The HSSF
CWs planted with T. latifolia further reduced the contaminant load of the VSSF CW-treated
effluent, giving an additional removal efficiency of 74, 65, 43, 65, 58, 50 and 75% for,
respectively, BODs, COD, NH4"-N, NOs™-N, PO4*-P, TSS and turbidity. The combined
hybrid CW showed, therefore, an improved effluent quality with overall removal efficiencies
of, respectively, 94% for BODs, 88% for COD, 84% for NH4"-N, 89% for NOs™-N, 78% for
PO4*-P, 85% for TSS and 97% for turbidity. T. latifolia thrived well in the VSSF and HSSF
CWs, which may have contributed to the high NHs *-N, NOs-N and PO4*-P removal
efficiencies. T. latifolia-planted VSSF CWs showed a higher contaminant removal efficiency
compared to the unplanted VSSF CW. T. latifolia is thus a suitable plant species for treatment
of secondary refinery wastewater. Also a T. latifolia-planted hybrid CW is a viable
alternative for the treatment of secondary refinery wastewater under the prevailing climatic

conditions in Nigeria.

Keywords: Optimization, Typha latifolia, Refinery wastewater, Tropics, Hybrid CWs,

Discharge limits
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5.1 Introduction

Industrialization is linked to major pollution sources of hazardous pollutants into water
bodies, especially in developing countries where untreated or only partially treated industrial
wastewater is discharged into the environment (Sepahi et al., 2008). This poses considerable
environmental problems, because most of the people's livelihood in the pollution affected
communities depends on the water bodies for fishing, domestic use and irrigation (Agbenin et
al., 2009; Senewo, 2015). There is an increasing awareness of the need for the discharge of
well treated wastewater into the environment (Adomokai and Sheate, 2004), especially with
the recent agitations for the demand for compensations by oil pollution affected communities
in Nigeria based on human and environmental rights (Isumonah, 2015; Senewo, 2015).
Senewo (2015) reported that their struggle for survival was more an ecological than a
political one.

The petroleum refining industry mainly uses conventional methods to treat the wastewater
generated by the refining of crude oil to fuel and other finished products. The most prominent
problem of the petroleum industry is the disposal of produced water (Hagahmed et al., 2014).
These conventional methods are, however, energy intensive, expensive and generate by-
products that are often toxic to both humans and the environment (Ojumu et al., 2005).
Hence, there is a need for economically and ecologically friendly refinery wastewater
treatment technologies. Constructed wetland technologies may offer such lower construction
and maintenance costs for wastewater treatment, which are especially suitable for developing
countries (Kivaisi, 2001; Kaseva, 2004; Mustapha et al., 2015). Also, many refinery locations
are in the tropics, where constructed wetlands (CWs) are well suitable due to the high
temperatures which enhance biodegradation activities (Kantawanichkul et al., 1999).

Wetland plant species are capable of removing many contaminants from the wastewater (Ji et
al., 2007; Mustapha et al., 2015). In addition, wetland plant roots provide a habitat that is
conducive for the growth of a great diversity of microbial communities which enhance the
pollutant removal efficiencies in CWs (Abou-Elela and Hellal, 2012). Mustapha et al. (2015)
reported that Cyperus alternifolius and Cynodon dactylon (L.) Pers. planted VSSF CWs
removed 68, 65, 68, 58 and 43% and 70, 63, 49, 54 and 42% of BODs, COD, NH4"-N, NO3™-
N and PO4*-P, respectively, from secondary refinery wastewater. Ji et al. (2007) used
Phragmites australis to remove COD and BODs in heavy oil-produced wastewater in two
reed beds. The treatment showed removal efficiencies of 80 and 88% for COD and BODs,

respectively, for reed bed no. 1 and 71 and 77% for COD and BODs, respectively for reed
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bed no. 2. The reed beds operated at COD loading rates of 13.3 and 26.7 g m? d!
corresponding to a hydraulic loading rate (HLR) of 18.75 and 37.5 m? day! and hydraulic
retention time (HRT) of 15 and 7.5 days, respectively, for reed bed no. 1 and reed bed no. 2.
A hybrid CW is a combination of two or more CWs in series that combines the advantages of
the various CW systems to provide a better effluent quality than a single CW system (Avila et
al., 2013; Zurita and White, 2014; Zapater-Pereyra et al., 2015). In addition, they combine
aerobic and anaerobic properties of VSSF and HSSF CWs to enhance the removal of COD,
phosphorus and, especially nitrogen (Vymazal, 2005; Mena et al., 2008). Hybrid CWs are
effective in the treatment of contaminants in various types of wastewater. For instance,
Murray-Gulde et al. (2003) achieved a suitable irrigation water from treating blackish
produced water with a hybrid reverse osmosis-constructed wetland. The pilot-scale reverse
osmosis-constructed wetland system effectively decreased conductivity by 95% and total
dissolved solids (TDS) by 94% in the produced water. Herrera Melidn et al. (2010) used a 2-
stage hybrid CW consisting of VSSF CW as the first stage and HSSF CW as the second stage
to treat BODs, COD, ammonia-N (NH4'-N), suspended solids (SS), and PO4*-P in urban
wastewater in the Canary Islands (Spain). The main objective of their study was to compare
the effect of planting, substrate type (gravel and lapilli) and hydraulic loading rate. Both the
gravel and lapilli hybrid CWs showed similar average removal efficiencies exceeding 86, 80,
88, 96, 96 and 24%, for BODs, COD, NH4"-N, SS, turbidity and PO4*-P, respectively. Their
study demostrated that hybrid CWs are a robust configuration for wastewater treatment.
Avila et al. (2013) demonstrated the effectiveness of a 3-stage hybrid CW consisting of a
VSSF CW, a HSSF CW and a freewater surface wetland connected in series for the treatment
of TSS, COD, BODs, NH4"-N, TN and POs*-P. The 3-stage hybrid CW system had mean
removal rates of 97% TSS,78% COD, 91% BODs, 94% NH4"-N and 46% TN.

Improving the treatment performance of wetland systems critically depends on the selection
of optimal environmental and operating conditions, plant species and effective use of wetland
media (Saeed and Guangzhi, 2012). This present study is aimed at optimizing the
performance of previous work on Cyperus alternifolius and Cynodon dactylon-planted VSSF
CWs that have already shown to be able to treat the pollutants present in secondary Kaduna
refinery wastewater (Mustapha et al., 2015). The objective of this study was to evaluate the
removal efficiency of a Typha latifolia-planted VSSF CWs. In addition, it was assessed if the
treatment efficiency can be further improved choosing T. latifolia as the macrophyte of

interest and/or by adding a HSSF CW as an effluent post treatment. The removal of BODs,
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COD, NH4"-N, NOs-N and POs*-P in the secondary treated refinery wastewater was

investigated.

5.2 Materials and methods

5.2.1 Description of experimental study site

This study was conducted at the Kaduna Refinery and Petrochemical Company (Kaduna,
Nigeria), which lies between latitude 9° N and 12° N and longitude 6° E and 9° E within the
Northern guinea savannah ecological zone of Nigeria. Kaduna (Nigeria) has a tropical
climatic condition with a mean daily temperature between 25 and 43°C and average annual
rainfall between 1450 and 2000 mm (NIMET, 2010). The refinery treats its effluents by
chemical addition, clarification, oxidation, oil skimming, filtration and evaporation before
being discharged via drainages into the Romi River. More details on the treatment process

and characteristics of the petroleum refinery effluent are given in Chapter 4.

5.2.2 Experimental design

Refinery wastewater was pumped from the refinery effluent drain through a diverting channel
using a 4.1 kW power pump into a 5 m> collection tank, which subsequently flowed gradually
by gravity into the wetland cells while the treated effluent was collected at the outlet (Fig.
5.1). PVC pipes with 50 mm diameter were used for the plumbing in and between the
wetlands. The configuration of the hybrid CW system for this study (Fig. 5.2) was such that
the influent (secondary refinery wastewater), that is the VSSF influent, flows into the VSSF
CWs, whereas the effluent from the VSSF CWs is referred to as the HSSF CW influent and
the effluent from the HSSF CWs is referred to as final effluent (Fig. 5.2). Treated samples
from the outlet of the wetland cells were collected every 2 weeks for both field and laboratory
analysis. The microcosm-scaled subsurface flow constructed wetland systems were composed

of four VSSF - HSSF hybrid wetlands connected in series (Fig.5.1 and Fig. 5.2).

The VSSF wetlands were circular in shape and made of plastic (47 cm diameter, 55 cm
height), while the HSSF wetlands were rectangular in shape (110 cm x 70 cm x 40 cm for,
respectively, length, width and depth) and also made of plastic. More details on the design of
the VSSF CWs are given in Mustapha et al. (2015). The HSSF wetland cells had an effective
volume of 123 L with a porosity of 0.40. The HSSF wetland had a designed flow rate of 0.83
L/h, a hydraulic loading rate of 1.08 L/m? h and a hydraulic retention time of 148 hours
(Table 5.1). The media types used for the HSSF wetlands was gravel with coarse sand.
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Coarse size gravel of 25 - 36 mm was used near the inlet and outlet of the HSSF wetland cells
and the middle parts were filled with 6 - 10 mm gravel to support the plant roots. The bottom
of both the VSSF and HSSF CWs was fitted with perforated PVC pipes (diameter 50 mm)

about 10 cm above the media. These PVC pipes were connected to the collection chamber.

Fig. 5.1a: Startup of experiment in February 2012 (t = 0), b: Experimental setup after 90 days of
operation. A — VSSF CW; B — HSSF CW; C - T. latifolia; D - C. alternifolius, E- C. dactylon, F — control
VSSF and HSSF CW, G — outlet and H — effluent discharge channel

Two VSSF - HSSF hybrid wetlands were planted with T. latifolia 10 cm below the media.
Two other unplanted VSSF - HSSF hybrid wetlands served as control to assess the
performance of the T. latifolia-planted CW. The T. latifolia used in this study was collected
from a swampy area outside the refinery. T. latifolia was used in this study to compare its
performance with that of VSSF CW planted with C. alternifolius and C. dactylon investigated
in a previous study (Mustapha et al., 2015).

Table 5.1. Description of microcosm-scale VSSF - HSSF hybrid constructed wetlands used in this
study

Property Description
Type of
constructed Vertical subsurface flow (VSSF) Horizontal subsurface flow (HSSF)
wetlands
No. of hybrid 4 wetlands (2 planted and 2
o- OF 1ybnt 4 (2 planted and 2 unplanted) wetlands (2 planted an
wetlands unplanted)
Dimension (cm) 47 x 55 (@ x h) 110 x 70 x 40 (L x W x D)

Substrate Gravel mixed with coarse sand Gravel mixed with coarse sand



Ch. 5. Optimization of petroleum refinery wastewater treatment by vertical flow constructed wetlands under
tropical conditions: plant species selection and polishing by a horizontal flow constructed wetlands | 119

Loading method  Continuous Continuous
Design flow rate  0.83 L/h 0.83 L/h
Hydraulic A8 h 148 h

Retention Time

5.2.3 Sample collection

Sampling of wastewater started 3 months after the T. latifolia transplant into the VSSF and
HSSF CWs to allow proper plant establishment, acclimatization and possible biofilm
establishment (Kaseva, 2004). Subsequently, influent flowing into the VSSF and HSSF CWs
and treated effluent were collected every 2 weeks for both field [temperature, pH, and

turbidity] and laboratory [NH4"-N, NOs™-N, PO4>-P, BODs, COD and TSS] analysis.

5.2.4 Monitoring the growth of Typha latifolia in VSSF and HSSF CWs

At the beginning of the experiment, the plant height and number of live shoots of T. latifolia
were recorded at the time of the transplant and subsequently, every 3 months for a period of 9
months in order to monitor the growth rate of the T. latifolia in secondary treated refinery

wastewater.

6]
VSSF CW (stage
D
2
HSSF CW
(Stage 2) (1): VSSF Influent (Secondary
refinery wastewater)
(2): Effluent VSSF (influent HSSF)
(3): Final HSSF effluent
3

Fig. 5.2. Configuration of hybrid constructed wetlands treating secondary refinery wastewater
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5.2.5 Analysis

Temperature, pH and turbidity were measured in the field using a HORIBA pH meter for
temperature and pH and a HANNA Instrument LP 2000 for turbidity. TSS measurements
were conducted by gravimetric methods dried at 105°C. BODs tests were determined by the 5-
day incubation method, COD was determined by the open reflux titrimetric method, NH4"-N,
NOs-N and POs*-P were determined by spectrophotometric methods. All laboratory analyses
were carried out using standard methods (APHA, 2002) as described in Chapter 3.

5.2.6 Performance of constructed wetlands based on mass balance calculations
The effects of rainfall and evapotranspiration on pollutant mass load removal were
considered. The treatment efficiency of tropical CWs is better evaluated based on mass
balance estimations rather than the differences between the inflow and outflow
concentrations (Katsenovich et al., 2009; Dhulap et al., 2014). Therefore, the treatment
efficiency of these systems was calculated as the percent of load removal efficiency (RE) for

each of the parameters considering the following formula from Bialowiec et al. (2014):
Evapotranspiration (ET) was estimated according to Eq. (5.1):
ET = Qinf - Qetr (5.1)

where Qinr is the total amount of wastewater entering the wetlands and Qer is the total

amount of wastewater leaving the wetlands (m*/h). Qinr is computed using Eq. (5.2):

Qinr=Qp + Qs (5.2)

where Q, is the amount of precipitation (m*/h) and Qs is the amount of water added to the
wetland (m?/h). Therefore, the removal efficiency (RE) of BODs, COD, TSS, NH4"-N, NOs™-
N and PO4+*-P was calculated based on loads as given in Eq. (5.3):

RE = (Qinf * Cinf) — (Qefr * Cetr) * 100 (5:3)
(Qint * Cinf)

where Qinr and Qerr are as previously defined, Cinr and Cefr are the mean concentrations
(mg/L) of a compound in the influent and effluent, respectively. Qinf*Cint = Minr (mg) and

Q.cit * Cetr = Mefr(mg/day) are, respectively, the inflow and outflow mass load.
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The contribution made by the HSSF CWs (R.) is estimated as mean total concentration (Cy)
of the wastewater pollutant from the HSSF CWs divided by the total mean pollutant
concentration (C;) in the influent prior to passing through the VSSF CW multiplied by 100%:

Ry =2 x 100% (5.4)

L

5.3 Results

5.3.1 Growth of Typha latifolia in wetlands treating secondary refinery
wastewater

T. latifolia growing in the CWs showed a positive growth response in the secondary refinery
wastewater throughout the period of experimentation. At the startup of the experiment (day
0), T. latifolia was 40 cm in height on average in both the VSSF CW and HSSF CW of the
hybrid system (Figs. 5.1 and 5.3). By day 270, it had increased to 113 cm in height in the
VSSF CW and 181 cm in the HSSF CW. Similarly, the VSSF CW was started with 11 live
shoots of T. latifolia and by day 270 they had increased to averagely 136 shoots, while the
HSSF CW started with 34 live shoots and increased to 408 live shoots by day 270 (Fig. 5.3).
Despite being grown in secondary refinery wastewater for over 270 days, T. latifolia did not

show any withering or other signs of plant disease.
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Fig. 5.3. Development of Typha latifolia in VSSF and HSSF hybrid constructed wetland systems fed

with secondary refinery wastewater from Kaduna refinery (Nigeria); mean + SD, n = 2 wetlands.
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5.3.2 Physicochemical wastewater parameters

The mean concentrations, standard deviations, minimum and maximum values of the
physicochemical parameters of the VSSF influent, T. latifolia VSSF effluent and the final T.
latifolia HSSF effluent during the 308 days period investigated are presented in Table 5.2.

The pH of the VSSF influent ranged from 5.9 to 11.3 (7.4 £ 1.6), the T. latifolia VSSF
effluent ranged from 6.4 to 7.1 (6.9 + 1.5) and the final T. latifolia HSSF effluent ranged
from 6.4 to 7.5 (7.0 = 1.5). The effluent pH from the control VSSF and HSSF CWs ranged
from 6.0 t0 9.0 (7.4 = 1.9) and from 6.1 to 9.9 (7.5 £ 1.9), respectively.

The temperature for the VSSF influent ranged from 24.5 to 32.4 (28.4 £ 2.3) °C, the T.
latifolia VSSF CWs effluents and the final T. latifolia HSSF CWs effluents ranged from 25.0
to 30.2 (27.8 = 6.1) °C and from 25.20 to 30.1 (27.5 £ 5.9) °C, respectively. The effluents
from the control VSSF and HSSF CWs had a temperature ranging from 25.1 to 31.5 (28.3 +
6.2) °C and from 25.0 to 31.1 (28.1 + 6.1) °C, respectively.

5.3.3 Turbidity

The VSSF influent had a turbidity of 10.3 to 65.0 NTU. The T. latifolia hybrid and control
hybrid CWs had a turbidity removal efficiency of 96.9 (£ 2.8) and 83.5 (= 11.4)%,
respectively, achieving at some stages 100 and 97% turbidity removal for, respectively, T.
latifolia hybrid and the unplanted control hybrid CWs. The effluent from the T. latifolia
VSSF and the final effluent from the T. latifolia HSSF CWs had a turbidity of, respectively,
4.5 and 1.9 NTU. The control VSSF and HSSF CWs effluent had a turbidity of 10.9 and 7.6
NTU, respectively. The T. latifolia planted VSSF and the HSSF CWs thus showed a mean
turbidity removal efficiency of 88.6 (£9.5) and 74.6 (+ 12.6)%, respectively.

Table 5.2. Composition of secondary refinery wastewater (influent) and effluents from T. latifolia-
planted VSSF and HSSF and unplanted VSSF and HSSF control constructed wetlands (n = 4)

Parameter Samples Mean Standard Minimum  Maximum  ®Discharge
deviation standard
(FEPA)

Turbidity  VSSE 32.1 16.1 10.3 65.0

influent
(NTU) T. latifolia

VSSF

offluent 4.5 5.7 0.2 24.0

Final T.

latifolia

1.9 29 0.0 10.3

HSSF
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effluent
Control
VSSF 10.9 9.7 1.8 36.9

Control 5
HSSF 7.6 7.6 0.8 28.1

TSS VSSF
influent
T. latifolia
VSSF
effluent
Final T.
latifolia
HSSF 2.1 5.6 4.7 30.5
effluent
Control
VSSF 37.1 9.9 21.6 63.2
Control 30
HSSF 30.0 7.9 19.7 52.1

60.8 20.2 21.0 99.2

19.5 7.3 10.7 435

BODs VSSF 95
influent ) 41.4 29.4 190.5
T. latifolia
VSSF
effluent 24.1 23.5 6.0 88.9
Final T.
latifolia
HSSF
effluent 9.3 13.3 0.6 44.6
Control
VSSF 49.2 21.9 21.8 97.9
Control 10
HSSF 40.1 29.1 15.4 95.9

COD VSSF
influent 164.0 61.9 60.0 300.1
T. latifolia
VSSF
effluent 52.6 72.7 11.9 252.0
Final T.
latifolia
HSSF
effluent 30.8 50.7 0.5 182.2
Control
VSSF 97.0 54.5 44 4 250.8
Control 40
HSSF 63.0 41.2 29.2 160.7

Ammonium- VSSF

N influent 1.8 1.59 0.3 6.0
T. latifolia
VSSF
effluent 0.9 1.4 0.0 39
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Final T.

latifolia

HSSF

effluent 0.5 0.5 0.0 1.7

Control

VSSF 1.7 1.5 0.2 49

Control <15*
HSSF 1.3 1.3 0.1 4.1

Nitrate-N VSSF
influent 1.6 1.0 0.3 4.2
T. latifolia
VSSF
effluent 0.6 0.6 0.0 1.9
Final T.
latifolia
HSSF
effluent 0.2 0.3 0.0 1.1
Control <20°
VSSF 1.4 0.9 0.2 34
Control
HSSF 0.7 0.5 0.1 1.7

Phosphate-P  VSSF
influent 4.0 2.0 1.1 6.9
T. latifolia
VSSF
effluent 2.1 1.5 0.8 5.8
Final T.
latifolia
HSSF
effluent 1.3 1.2 0.1 39
Control 5
VSSF 33 2.0 0.8 6.3
Control
HSSF 2.6 1.9 0.6 5.7

FEPA: Federal Environmental Protection Agency (FEPA), Nigeria discharged limit. b (Masi and Martinuzzi, 2007)

5.3.4 Total suspended solids

The VSSF influent had a range of TSS concentrations from 21.0 to 99.2 (60.8 £+ 20.2) mg/L.
The effluent of the T. latifolia VSSF had a concentration range from 10.7 to 43.5 (19.4 = 7.3)
mg/L and the final HSSF CWs effluents had a lower TSS range from 4.7 to 30.5 (12.1 + 5.6)
mg/L. The control VSSF CWs had TSS concentrations from 21.6 to 63.2 (37.1 £ 9.9) mg/L
and the control HSSF CWs had a TSS range from 19.7 to 52.1 (30.0 = 7.9) mg/L (Table 5.2).
The TSS concentrations of the effluents from the T. latifolia VSSF were lower than the TSS
concentrations from the VSSF influent with the final effluents from the T. latifolia HSSF
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CWs showing a further reduction in TSS concentration, which was below the TSS effluent
threshold limit of 30 mg/L for effluent discharge by the WHO and FEPA (Table 5.2).

The VSSF and the HSSF CWs had TSS removal efficiencies of 68.4 (+ 8.9) and 50.0 (= 9.0)
%, respectively. The T. latifolia hybrid and control hybrid CWs had a TSS removal efficiency
of 84.5 (+ 4.04) and 60.1 (£ 9.6)%, respectively, with both systems reaching up to 91 and

74% as maximum TSS removal efficiency.

5.3.5 Biological and chemical oxygen demand

The VSSF influent BODs concentrations ranged from 29.4 to 190.5 (95.3 + 41.4) mg/L. The
effluents from the T. latifolia VSSF and the final effluent from the HSSF CWs had BOD:s
concentrations from 6.0 to 88.9 (24.1 £ 23.5) mg/L and 0.6 to 44.6 (9.30 = 13.3) mg/L,
respectively. The control VSSF and HSSF CWs had effluent BODs concentrations from 21.8
t0 97.9 (49.2 £ 21.9) mg/L and 15.4 to 95.9 (40.1 = 29.1) mg/L, respectively.

The VSSF influent COD concentrations ranged from 60.0 to 300.1 (164.0 + 61.9) mg/L. The
T. latifolia VSSF effluent and final effluents from the HSSF CWs had COD concentrations
from 11.9 to 252.0 (52.6 £ 72.7) mg/L and 0.5 to 182.0 (30.8 = 50.7) mg/L, respectively. The
control VSSF and HSSF CWs had COD concentrations from 44.4 to 250.8 (97.0 £ 54.5)
mg/L and 29.2 to 160.7 (63.0 £ 41.3) mg/L, respectively.

The BODs/COD ratio of the secondary refinery wastewater was 0.58, this was decreased with
time in the T. latifolia-planted VSSF CW to 0.46 and further decomposition of organic matter
reduced the BODs/COD ratio to 0.30 in the T. latifolia-planted HSSF CW. Meanwhile, there
was a lower biodegradability in the control VSSF CW with a BODs/COD ratio of 0.51 and an
increased of the BODs/COD ratio of 0.64 in the control HSSF CW.

The T. latifolia hybrid CWs had an average mass BODs removal efficiency of 93.6 (+7.4)%.
From day 238 to day 308, the T. latifolia hybrid CWs achieved a 99% BODs removal
efficiency (Fig. 5.4a). In contrast, the control hybrid CWs achieved an average BODs
removal efficiency of only 65.3 (£ 20.5)% (Fig. 5.4b).

The mass influent BODs loading rate varied between 135.5 and 878.2 g m? d!, the mass
BODs removal rates for the T. latifolia VSSF CWs varied between 27.7 and 410.0 g m™ d!
and between 0.6 and 48.1 g m™ d'! for the T. latifolia HSSF CWs. For the control VSSF CWs,
the mass BODs removal rates varied between 100.4 and 451.1 g m™ d”!, whereas they varied

between 16.7 and 103.5 g m2 d™! for the control HSSF CWs.
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The mass removal rates for the VSSF influent COD varied between 276.6 and 1383.5 g m™> d
!, and it varied between 55.0 and 1161.7 g m™? d’! for the T. latifolia VSSF CWs effluent,
whereas the mass removal rates for the effluent from the T. latifolia HSSF CWs varied
between 0.5 and 196.8 g m™ d™!'. The mass removal rates for the control VSSF CWs effluent
varied between 204.5 and 1156.1 kg m™ d! and between 31.5 and 173.5 kg m™ d! for the
control HSSF CWs effluent. Hence, the T. latifolia hybrid CWs had an average mass COD
removal efficiency of 87.9 (+ 13.6)% and occasionally achieved a 99% removal efficiency

(Fig. 5.5a). Meanwhile, the control hybrid CWs achieved an average removal efficiency of
71.4 (+ 11.0)% (Fig. 5.5b).
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Fig. 5.4. BOD removal efficiency of CW treating Kaduna refinery wastewater: (a) T. latifolia hybrid
CW and (b) unplanted control hybrid CW. Mean values and standard deviations are presented in
Table 5.2.
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