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ABSTRACT

Selenium is an important mineral for plants and living organisms; trace amounts are needed for
our everyday function. However, when large amounts are consumed, it becomes really dangerous
with adverse health effects; as a result of this, its removal has been the focus of many studies over
the past decades. Selenium is found in most sulfide ores since they both share similar chemical

attributes, such as atomic radius.

The mining and refining industries release the most amounts of selenium which are present in their
wastewater in most cases. Current conventional methods of recycling selenium include pyromet-
allurgical and hydrometallurgical processes, which are often costly, environmentally unfriendly
and potentially hazardous. Therefore, researchers have turned towards the study of biomass-based
adsorbents, also known as biosorbents, for applications in selenium recovery and recycling. Bio-
sorption was the process of choice for reasons such as its operating cost, its recovery rates and

reusability

In the research presented in the thesis herein, lignin which is a major component in plants was used
to adsorb selenium from selenium monochloride (Se2Clz) using METSIM as the simulation soft-
ware of choice due to its versatility and flexibility to control numerous parameters, add new com-
ponents and perform mass and heat balances. Lignin was the only component that was added, and
the thermodynamic data was found via some research articles where it was plotted in excel and

entered in METSIM.

Further data analysis revealed that the adsorption rate of selenium (Se) on lignin progressed via
the pseudo-second order rate model. Adsorption isotherm model studies indicate that the adsorp-
tion of Se by lignin followed the Freundlich adsorption isotherm. Calculated energy levels of ac-
tivation by Se suggest that adsorption progresses due to chemisorption in nature. Thermodynamic
studies reveal that lignin adsorption of Se is exothermic in nature and that the increasing tempera-

ture reduces the efficiency of the adsorption process.



A recovery rate of 99.4% was achieved for Se>Cl at 25 °C temperature and 0.39M HCI. To further
prove that this model is functional, the two other known chloride forms of selenium, SeCl; and

SeCls were tested; selenium recovery rate from SeClz and SeCls was 45% and 40%, respectively.



ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr. Shafiq Alam, for his technical advice and support, as well
as for providing me an opportunity to work under him and helping me achieve my first step in
entering the world of scientific research and academia. The fast progress of my research work and

completion of this thesis would not have been possible if it were not for his expert guidance.

I am grateful to my advisory committee members, Dr. Oon-Doo Baik and Dr. Duncan Cree for
taking the time to provide me with suggestions that helped me to improve my research scope and

analysis of data.

My sincere gratitude goes to the financial support from the Department of Chemical and Biological
Engineering and Dr. Alam for awarding me with Teaching Assistant and Mitacs Internship posi-

tions

And above all, I would like to wholeheartedly thank my parents, Mr. Ayman Aly, and Ms. Jihan
Elbibany, for always believing that I can achieve my dreams, no matter what that may be, and for
supporting me financially. I would also like to thank my siblings, especially my brother, Dr. Ah-

med for always listening to me during difficult times.



DEDICATION

This thesis is dedicated to my parents Mr. Ayman Aly and Ms. Jihan Elbibany.
It is also dedicated to my siblings, Dr. Ahmed, Dr. Mayar, Merna and Lamar.

Thank you all for always being proud of me, even when I am not proud of myself.



TABLE OF CONTENTS

PERMISSION TO USE ...ttt ettt sttt ettt ettt et et sbe b eae e eneeneas i
ABSTRAC T ...ttt ettt a ettt e et e e bt e e beebeeneent e st et e be b e nae b e i
ACKNOWLEDGEMENTS ...ttt sttt sttt st sbe st saeeneeneas v
DEDICATION ...ttt ettt ettt ettt sae bt e st e st et et e b e e bt e bt eseeneeneensensenbenseeseeee A%
LIST OF TABLES ...ttt ettt b ettt e bbb ebeeneene e ix
LIST OF FIGURES ..ottt ettt ettt e e b e be b X
LIST OF ABREVIATIONS ...ttt ettt enes xiii
NOMENCLATURE ..ottt bttt ettt besae b e Xixiii
CHAPTER 1 INtOAQUCHION. c..c.eeiiiiieiieitieie ettt sttt sttt st 1
LT TNEEOAUCTION ...ttt st ettt ettt sbe et eiaesbeebeeanens 1
1.2 KNOWIEAZE ZAPS . .eeutiieiiieiieeiieie ettt ettt ettt ettt et e et e s e e beeenbeenbeeesseenseesnsaenseennns 6
1.3 ODJECHIVES ..eeuvieiiieiieeiie ettt ite ettt e e s e et e st eesbeeesteesbeeeaeeenbeensseenseessseenseessseenseennseenseennns 6
1.4 Overall outline of the theSIS .......c.ccoiiiiiiiii e 6
CHAPTER 2 Literature REVIEW .....cccueiuiiiiiiiiiiieiieiieriteie ettt sttt 8
2.1 Conventional Methods Of TECOVETY .....ccvuiiiiiiiiieiiieiiecie ettt 8
2.2 Mechanism of selenium biOSOTPLION ........ccuiriiierieeiieriie et eriie et eiee ettt iee e eseesaeeens 10
2.3 Selenium ChEMISTIY ......iiiiiiiieiie ettt ettt e ettt e s abeebeesnbeesaeenseens 15
2.4 Significance of IMMODIIZAtION..........eeiuiiiiieiieiie ettt ens 19
2.5 Experimental CONAITIONS .......coiiiiiiiiriieiieniie ettt ettt ettt ettt e s aee e eseesnbeeseesneeens 20
2.6 Biosorption iSOtherm mMOdeIS ..........ocuieiiiiiiiiiieiieeiieie ettt 23
2.7 SUMMATY O TEVIEW .....viiiiieiiieiiieeieecite ettt ettt stte e esteeebeesseesaseeseeeaseeseesnseeseesnseens 27
CHAPTER 3 Model PrOCEAUIE. ......cccuiiiiiiiiiiiiiieieciee et 29
3.1 Software and data........c..cocuiiiiiiiiieiie e 29

Vi



3.2 Thermodynamic data of lIgNin.........c..cocuieiiiiniiiiieiiieiece et 30

32,1 ENERAIPY oo ettt et et e e ene 33
3.2.2 GIDDS fTEE CNEIZY ....vevieniiiiiiiieie ettt sttt sttt e 34
3.2.3 HEAL CAPACILY ...eeuiieniieiieeiieeite ettt ettt ettt et e et e et e e bt e et e e st e ssseeseesnbeenseeenseenseennns 35
3.3 Data entry in METSIM ....oooiiiiiiiiciieieeee ettt sttt enaeens 36
3.4. Chemical reaction INVOIVEd .........coeiiiiiiiiiiiieiirieeeeee et 38
3.5. Simulation deVEIOPMENL ........c.eoiiiiiiiiiiieiieeie ettt et e e e e e ens 39
CHAPTER 4 Results and DISCUSSION .....cueeiiriieriieiiniieniieie sttt sttt 42
4.1 EfTeCt Of tEMPETATUIE ...eoueieiiieiiieieeeiie ettt et ettt et e st e eateebeeenaeesaesnseens 42
4.2 Finalized METSIM MOGEL ......cc.oiiiiiiiiiiiiieiecieeee e 45
4.3 Effect of 1€SIAENCE TIME ......ovuiiiiiiiiiiieieeieeiteeee et 46
4.3 AdSOTDENt AOSAZE ... .eevieiiieiiieiie ettt ettt ettt e ettt e e be e bt e sabe e teeenbeeseesnbeeseeenseens 49
4.4. Initial concentration 0f SEIENIUM .........cccuiiieriiiiirieieieee e 51
4.5 SOTULION PH ...ttt ettt et e e e bt e s abeeteeeabeebeeenbeesaeenseens 54
4.6 BIiOSOTPLION KINELICS ....veeuiiieiiieiieeiieciie ettt ettt ettt ettt e et e et esaaeeeeeenbeeseeenseenseesnsaans 56
4.7 Activation energies 0f S€ adSOTPLION .......cc.eieiuieriieiieriie ettt ettt 60
4.8 Biosorption iSOtherm mMOdeIS ..........ocuiiiiiiiiiiiieiieeiiee e 61
4.9 Thermodynamic analysis Of adSOTPION ........ccueeriiiiieriieiieie et 64
4.10 Adsorption of other chloride fOrms..........ccoeouieiiiiiiiiiiieiecee e 66
4.11 Selenium dichloride (SECL2) ....ceoviiiiiiiiiieeieeee ettt ens 67
4.12 Selenium tetrachloride (SECLa) ....ooouviiiiiriiiiieie et 72
CHAPTER 5: Conclusions and Recommendations.............coveveerierieniernienienieeienienieeie e 77
5.1 Summary of research and obtained results ............coeeiiiiiiiiiiniiiiieeee e 77
5.2 Challenges encountered in the present research. ... 77
5.3 Recommendations for future WOTKS.........ccccevuiiiiriiniiiinieiecceeeeeeee e 80

Vii



REFERENCES

PERMISSIONS

viii



LIST OF TABLES

Table 1. 1 Selenium concentration in different ores and waste effluents. ...........ccceceevenenininene. 4
Table 2. 1 Summary of experimental conditions for different types of absorbents for selenium
TEIMIOVAL 1.ttt ettt ettt ettt b ettt 21
Table 3. 1 Thermodynamic data of 1ignin [34].......ccccooiiriiiiiiiiieieee e 32
Table 3. 2 A, B, C, and D values of the polynomial function generated for the enthalpy of lignin

JIGIUITL ¢ttt ettt et e et e et e e e at e e bt e ate et e e ent e e bt e enbeebeeenbeenbeeenseebaennbean 34
Table 3. 4 A, B, C, and D values of the polynomial function generated for the heat capacity of
JIGIUITL ¢ttt ettt et e et e et e e e at e e bt e ate et e e ent e e bt e enbeebeeenbeenbeeenseebaennbean 35
Table 3. 5 Components present in €ach Stream...........ccveviieriiiiiiieiienieeieee e 40

Table 4. 1Concentration of selenium recovered in the product stream compared to selenium
concentration in the feed Stream (Ci). ....oooviieiuirieiieecie e e e ree e 52

Table 4. 2 Summary of pseudo-first order and pseudo-second-order kinetic parameters calculated

T thiS TEACLION. ...ttt ettt st sb et sttt st e beeanes 57
Table 4. 3 Langmuir linear parameters calculated using excel and R? value. ........c...ccoevevrernnnn. 61
Table 4. 4 R? coefficient of both the Langmuir and Freundlich isotherms................ccccoveveveneann. 62
Table 4. 5 Enthalpy, Entropy and Gibbs free energy of the adsorption reaction.............cccoeuueeee. 66
Table 4. 6 Elemental concentrations present in PLS solution [69].........c.ccocveiiiiiiiiniiniiinieeinne 66



LIST OF FIGURES

Figure 1. 1 The cycle of selenium in the environment during mining ...........c.cceceveeruerreeneenennen. 2
Figure 1. 2 Effect of waterborne selenium concentration on the fertility rate of sensitive fish,
permission enclosed in APPENAIX A .....oooiiiiiiiiiiieeie ettt et enaeens 3
Figure 1. 3 Removal (%) of Se as Se*" (white bars) and Se®* (grey bars) into treated samples with
Fe-treated GW biomass and bIOCRhAT ..........cccuiiiiiiiiiiiiiiieeeeee e 5

Figure 2. 1 The difference between physisorption and chemisorption during CO> adsorption [25]

permission enclosed in ApPendix B ........coooiiiiiiiiiiii e 11
Figure 2. 2 Proposed polymer structure of 1lignin [307].......ccccoceriiiiiiiniiiiiiinieeeceeeeeee 13
Figure 2. 3 Selenium Pourbaix diagram [12]......cccoeiieriiiiiiiiieiieeie et 17

Figure 2. 4 Effect of biomass dosage on the biosorption of Se(IV) by C. hutchinsiae biomass
[selenium concentration: 10 mg/L; pH: 5; temperature: 20 (°C) [52] permission enclosed in
ADPPCIAIX € . bttt b et et h et h ettt ea bt et nae e 22
Figure 2. 5 Langmuir isotherm plots for the biosorption of Se(IV) by C. hutchinsiae biomass [52]
permission enclosed in APPENdix C ......ooiiiiiiiiiiiiieiie ettt 24

Figure 2. 6 Freundlich isotherm plots for the biosorption of Se(IV) by C. hutchinsiae biomass [52]

permission enclosed in APPENdix C ......ooiiiiiiiiiiiiieiieeitee et 25
Figure 3. 1 List of components chosen on METSIM before adding lignin ...........cccccoceevueniennene. 30
Figure 3. 2 Structure of lignin proposed for the simulation, permission enclosed in Appendix D
....................................................................................................................................................... 31
Figure 3. 3 Plotting of enthalpy of lignin vs. temperature ............ccccueeveeriienienieenieeie e 33
Figure 3. 4 Gibbs free energy of lignin vs. temMpPerature ............ccceeeeeeeriieriieriienieeieeie e 34
Figure 3. 5 Heat capacity of lignin vs. TemMPErature............ccecueveerierieneenenieneeiesesieeie e 35
Figure 3. 6 Molecular weight and vapor pressure entering in METSIM..........ccccooviniiiinennnne. 36
Figure 3. 7 Enthalpy, Gibbs free energy data entry in the thermodata tap in METSIM............... 37
Figure 3. 8 METSIM model developed with all components and unit operations needed........... 40
Figure 3. 9 Specific chemical reaction involved during adsorption entered in METSIM............ 41

Figure 4. 1 Effect of temperature on the adsorption process and the inefficiency indicated by the

red streams (which means they are not running properly).........ccccoeeeeiiieriienieniiienieeeeeeeeeeee, 42



Figure 4. 2 Shows stream 9 (product stream) after it was run at 35 °C and how the selenium
recovered was close to 0%, which means that temperature has a negative effect on this particular
AASOTPHION TEACLION .....utieuiieeiiietieeiteette st ertee ettt eteesbe e teeeateesbeassseenseessseesseessseenseesnseanseessseenseensseans 43
Figure 4. 3 Comparison of effectiveness in co-adsorption of all detectable metal species in received
pregnant leach solution by dithiooxamide-immobilized wood bark at various temperatures.

Operating conditions: Initial platinum and palladium concentrations = 20 and 44 ppm, solution

volume = 200 mL, sorbent dosage = 200 mg, stirring speed = 200 rpM ........ccccveerrervrereeenveennen. 44
Figure 4. 4 Finalized METSIM model after removing the heat exchanger since the effect of
temperature was proved to be negative for this reaction ..........ccceecevverieiiriieniencneneeee e 45
Figure 4. 5 Expression of extent equation for controlling residence time on METSIM .............. 46

Figure 4. 6 Graphical plot showing the effect of residence time on the percent recovery of Se from
SE2C12 ON TIGNIN...cutiiiiiiiiecie ettt ettt et e et e e et e eabe e seeenbeenbeeenbeenseeenseenseennns 47
Figure 4. 7 The reaction rate shown at 99.0625% after 48 hours .........cccocceevverienenienienecicne, 48
Figure 4. 8 Value function entered in the feedforward controller in order to control lignin dosage
by controlling the flow rate ratios between selenium chloride and lignin..........c.cccccevveveniennee. 49
Figure 4. 9 Showing the effect of lignin dosage by plotting the percent recovery of selenium against
EhE S/L TALIO ...ttt ettt 50
Figure 4. 10 Value function entered in the feedback controller on METSIM in order to control the
concentration of selenium present in selenium chloride before entering the reactor ................... 51
Figure 4. 11 The plotting of selenium concentration recovered against starting selenium
COMCEIMETATION ...ttt ettt ettt ettt et et eb e bt ea et e et st e sbesbeebeeaees e et e s et enaennenaens 53

Figure 4. 12 The manipulation of HCI % concentration through controlling the HCl/water ratio in

a feedforward CONLIOLIET . .......cc.oiiiiiiieee ettt 54
Figure 4. 13 The plotting of uptake versus time at Se starting concentration of 100 mg/L ......... 56
Figure 4. 14 Pseudo first order plot of selenium adsorption on lignin using METSIM ............... 58

Figure 4. 15 Pseudo-second-order kinetics plots of selenium adsorption on lignin using METSIM.
Initial selenium concentration Of 100 ME/L........cccoeiiiiiiiiiiiiiieiee e 58
Figure 4. 16 Activation energy plot of K> value obtained from pseudo second order reaction against
L/T A0 KEIVIN ettt sttt sttt ettt e b e 60

Figure 4. 17 Plot of uptake vs. initial selenium concentration of a range between 50 mg/L and 1000

Xi



Figure 4. 18 Langmuir Isotherm plot of selenium adsorption on lignin along with the linear
equations developed USING EXCEL........cooiiiiiiiiiiiiieiii ittt 63
Figure 4. 19 Freundlich Isotherm plot of selenium adsorption on lignin along with the linear
equations developed USING EXCEL........cooiiiiiiiiiiiiiiiii ettt 63
Figure 4. 20 Vant Hoff plot of temperature .............cccoeeiiiiiieniieniiecieeeeee e 65
Figure 4. 21 Feed stream of SeCl, with a set concentration of 0.048, lignin concentration 1g/L. 68

Figure 4. 22 Value function entered in feedback controller installed on stream 8 (feed stream) set

POINt Value at 0.048Z/LL ...c.viiiiieiieeie ettt ettt et eenbeenneas 69
Figure 4. 23 Aqueous components in the product stream, where selenium left in the solution can
DE TOUNA 10 @/L.oeiiiiie ettt ettt et ettt e st e et e et e enbeeenbeenneas 70
Figure 4. 24 Solid selenium recovered from the solution in the product stream (in a laboratory, it
would be bonded to the [lININ) ......c.cooiiiiiiiiiieiieeeee et 71
Figure 4. 25: Reaction and reaction rate entered in reactor ..........ccevveveerierierienienieneeeeee s 73

Figure 4. 26 Aqueous components in the product stream, where selenium left in the solution can
DE TOUNA 10 @/L.oiiiiiie ettt ettt ettt e et e e e et e et e ebeeenbeenneas 74
Figure 4. 27 Feed stream of SeCl4 with a set concentration of 0.048, lignin concentration 1g/L 75
Figure 4. 28 Solid selenium recovered from the solution in the product stream (in a laboratory, it

would be bonded to the lININ) ......c.cooiiiiiiiiieiiee et 76

Xii



LIST OF ABBREVIATIONS

Terminology

DTO = Dithiooxamide

PLS = Pregnant leach solution
PM = Precious metals

ppm = Parts per million (mg/L)
rpm = Revolutions per minute
ppb = Parts per billion

Da = Dalton/ unified atomic mass unit

Elements
Ag = Silver
Au = Gold
Co = Cobalt
Cu = Copper

Se = Selenium

Cl = Chlorine

Xiii

PE = Polyethylene

ORP = Oxidation-Reduction Potential

pm = Picometer

APL = named after the book “A program-
ming language”

S/L ratio = Solid/ liquid ratio

H = Hydrogen
Ni = Nickel

Pt = Platinum
Pd = Palladium
Zn =Zinc

Fe =Iron



NOMENCLATURE

DTO = Dithiooxamide

Se>Clz = Selenium monochloride
SeCl, = Selenium chloride
SeCly = Selenium tetrachloride
HCI = Hydrochloric acid

H>O, = Hydrogen peroxide

Se*" = Selenite

Seb" = Selenate

HSeOs = Bi-selenite

MIBK = Methyl isobutyl ketone
PbS = Galena

CuFeS; = Chalcopyrite

FeAsS = Arsenopyrite
C10Hg(OH)4 = Lignin

C10H6O4 = Product lignin

Xiii



CHAPTER 1 Introduction

1.1 Introduction

Selenium (Se) and its oxyanions have become a major health and environmental concern in recent
years; environmental contamination by selenium can occur due to various sources like metal ores,
mine drainage, water drainage, industrial effluents, and fossil fuels residues. Various studies have
focused on selenium removal from water using different techniques [1]. In the periodic table, Se
belongs to the chalco-gene group and is mostly present in minerals containing sulphur [2]. Sele-
nium, the essential trace mineral, is vital to human health. Selenium deficiency may have detri-
mental impacts on the resistance to diseases and overall health maintenance. Several studies show
that selenium deficiency affects the immune system, viral infection, cardiovascular disorders, and
thyroid function [3]. Another disease associated with selenium deficiency is Clinical Se deficiency
also known as white muscle disease, which can cause nutritional myodegeneration, which is a
disease that occurs mostly in farm animals like sheep and cows [4]. The only micronutrient regu-
lated by the food and drug administration (FDA) as a feed additive is selenium and that is due to
its toxicity. In 1974, the environmental protection agency (EPA), under the safe drinking water
act, determined the maximum contaminant level goal (MCLG) of selenium to be 0.05 mg/L or 50
ppb, so selenium removal from surface and ground waters is necessary to meet drinking water
standards. The selenium concentration in contaminated wastewater must also be reduced to mini-
mize its impact on natural water resources or to be reused [5]. Electronics, glass, ceramics, glass
coloring, steel, pigment manufacturing, and rubber production are only a few of the industries that
use selenium. Selenium is used in antidandruff shampoos and as a dietary supplement in medicine
[6]. The presence of selenate and selenite, the low discharge limits and the generation of huge
amounts of wastewater made the removal of selenium from the aqueous medium complex and
expensive [7]. The principal aqueous forms of selenium are selenite (Se*") and selenate (Se®);
selenate is harder to treat and remove than selenite. Selenate is present in the oxidizing state as
SeO4? and selenite is present in the reducing state as SeOs> or HSeOs™ [8]. In the pH range of 6
to 8 only elemental selenium [Se, (0)], selenate, selenite and bi-selenite ion (HSeOs) exist in water.
Sequestration of selenium occurs when other suspended particles are present in water; for example,

the partitioning of selenite on amorphous iron oxyhydroxides and manganese dioxide on particles



[9]. Factors like ultraviolet radiation, high abundance of selenite oxidizing bacteria or redox-active
transition metals are all factors that enhance the oxidation of Selenite. Both selenate and selenite
are stable in natural water but to facilitate their removal, they can be oxidized or reduced; for
example, reducing selenate to Se (0) can remove it quickly from the water. Selenium is located
between sulphur and tellurium in the V1B group of the periodic table and has chemical and phys-
ical features that are intermediate between metal and non-metal [10]. Selenium can be found in
ores containing sulfides along with sulfide minerals, which is due to similar traits such as ionic
radii. Sulfide has an ionic radius of 184 ppm, whereas selenium’s ionic radius is 196 ppm. Sele-
nium occurs in minerals like galena: PbS, chalcopyrite: CuFeS,, arsenopyrite: FeAsS. It is gener-
ally used in various industries such as fertilizers, pigments, electronics, and glass manufacturing
because it gives the glass a distinctive red color, also It is a semiconductor hence its use in the
manufacturing of solar cells, and it is used as a replacement for the more toxic lead as an alloying
element. Part of the direct emission of selenium to water, soil, and air has been occurring due to
its involvement in these industries [7]. Other activities like mining, coal combustion, and metal

smelting contribute to selenium mobilization [7].
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Figure 1. 1 The cycle of selenium in the environment during mining [7]



Selenium contamination is a global problem and is related to various human activities [11]. One
of the key contributors to the release of selenium into the atmosphere is the mining industry. Active
mining used to reach coal, phosphate, or ore body produces lots of waste rocks. As a result, runoff
and other releases produced from tailings and piles of waste rock can release huge amounts of
selenium, which can end up in aquatic ecosystems if they are not controlled or mishandled [9] as
shown in Figure 1.1. In a research study by Lemly [11], it was observed that a relationship between
selenium concentration and degree fertility rate of sensitive fish species as shown in Figure 1.2
below, a slight increase in waterborne selenium concentration can have a major impact on aquatic

life [11].
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Figure 1. 2 Effect of waterborne selenium concentration on the fertility rate of sensitive fish [11]

permission enclosed in Appendix A

Moreover, fossil fuel (coal and oil) combustion releases large amounts of selenium into the atmos-

phere. Historically, coal-fired power plants released selenium, often in the vapour phase, to the



atmosphere and as aqueous selenate, as selenium dioxide (SeO.) [9]. The pH in an element’s

geochemical cycle is collated with selenium in soil; it also correlates to elements solution chemis-

try. The selenium content of host rocks involves important factors such as redox capacity, pH and

the characteristics of the water drained. Selenium concentrations in wastes and minerals are dif-

ferent from one ore to another, a summary of selenium concentrations in different ores is presented

in Table 1.1.

Table 1. 1 Selenium concentration in different ores and waste effluents.

Ore or waste Se Concentration (ppm)
Surface waters 0.2
Agricultural drainage water 140
Copper ore 20-80
Mining wastewater 3-12
Coal mining pond water 8.8-389
Gold mine wastewater 0.2-33
Uranium mine wastewater 1600

Oil shale 1.3-5.2
Crude shale oils 92-540
Crude oil 500-2200
Refined oils 5-258
Oil refinery wastewater 15-75
Phosphate ore 2-20
Coal cleaning solid waste leach- 2-570
ate

Ash pond effluents 2-260

References
[12]
[11]
[11]
[11]
[12]
[11]
[11]
[12]
[12]
[12]
[11]
[11]
[13]
[12]

[11]

From Table 1.1, it can be observed that selenium is a valuable resource to be recovered since it is

more beneficial for the environment and health of living organisms, and it can be sold as a by-

product.

Different recovery or treatment processes like (Biological) oxidation/reduction, phytoremediation,

membrane separation technologies, coagulation or flocculation, and adsorption have been studied



and used by researchers to recover selenium. Although industries might receive economic gain
from recovering selenium with these processes, excessive operation costs and obeying environ-
mental regulations may make selenium recovery less likely to be adopted on a massive scale.

Researchers have favored biosorption because it produces almost no waste; it is more economical
compared to other processes. Finally, it is practical in the sense that each country could use the
abundant biomass it has to recover selenium. Roberts et al. [1] used Gracilaria waste biomass as a
bioresource for selenium biosorption, where the Gracilaria waste was treated with iron (Fe) and
observed that almost 99% of selenium was removed. iron (Fe) has proved to be efficient when it
comes to selenium biosorption as shown in Figure 1.3. However, it was discovered by Roberts et
al. [1] that one limitation of this approach is that significant amounts of iron can leach from the
surface of the adsorbent causing future environmental issues. As the rate of Se uptake is negatively
correlated with Fe leaching, the biosorbent capacity should increase if further optimization of the

biosorbent is done.

100
|

Removal (%)
40
|

Figure 1. 3 Removal (%) of Se as Se** (white bars) and Se®" (grey bars) into treated samples
with Fe-treated GW biomass and biochar [1]



1.2 Knowledge gaps

From the study of present research proposed in the field of biosorption of selenium, the following

main knowledge gaps are identified:

1.

Although many processes like oxidation/reduction, membrane separation technologies, co-
agulation or flocculation, and adsorption were used by many researchers, the additional waste
they produce, and the high cost of operations can limit their use in industries. On the other
hand, biosorption produces almost no waste and it is much more economical, which makes
it a better option.

Research articles focus on the efficiency of biosorbents in recovering more valuable metals
such as gold, platinum, and palladium but few focuses on selenium which is important to be
removed due to its toxicity.

There are few research works done on the recovery of selenium using modeling software

such as METSIM or Aspen HYSYS.

1.3 Objectives

The overall purpose of this research work is to develop an efficient biosorption process for recov-

ering selenium from selenium in chloride solutions. Specific objectives are broken down as indi-

cated below:

1.

To develop a successful realistic model that shows the adsorption process of selenium on
lignin.

To evaluate the efficiency of lignin in recovering selenium from industrial effluents.

To analyze the effect of various experimental parameters such as pH, temperature, and con-
centration, etc., on the adsorption of selenium and conduct studies on its kinetic behavior,

adsorption isotherm, and thermodynamics.

1.4 Overall outline of the thesis

This thesis details the simulation, testing, results analysis, and conclusion of the complete research

and provides the information required for general understanding. An introduction of the im-

portance and demand of the research work presented in the current thesis as well as an outline of

the knowledge gaps and objectives are summarized in Chapter 1. Chapter 2 is the literature review



in the field of biosorption, informing concepts that often arise with the research topic. Chapter 3
describes the methodology and simulation building process. Chapter 4 discusses the obtained re-
sults and explains their significance in terms of the biosorbent’s efficiency. Finally, chapter 5 con-
cludes the thesis by summarizing the main findings of the research, pointing out any difficulties

or challenges of the present work, and provides suggestions for future research within the field.



CHAPTER 2 Literature Review

2.1 Conventional methods of recovery

Over the years, two routes were chosen to recover elements or metals; they are pyrometallurgical
and hydrometallurgical processes. Pyrometallurgical processes include, but are not limited to,
burning, melting, converting, and refining of waste and has been the go-to process to recover ele-
ments from secondary sources for the past several decades. In pyrometallurgy, waste is first burned
in a furnace opt molten bath to get rid of plastic components; a slag phase is then formed from the
remaining refractory oxides [14]. Disadvantages such as long settling times to separate the slag
from the metal collector and high operating temperature range (1800-2000 °C) are associated with
pyrometallurgical processes. Also, in most cases, partial separation occurs during pyrometallurgy;
that’s is why hydrometallurgical treatment is required after pyrometallurgy in order to decrease

the limitations mentioned above [14].

Researchers and industry experts prefer hydrometallurgical methods for reasons such as low cap-
ital cost, operation flexibility, and overall environmental sustainability compared to pyrometal-
lurgy. Leaching of solid wastes and other secondary sources is the first step during hydrometal-
lurgy. During leaching, sources containing valuable minerals are integrated into a reactor tank
containing leaching agents [15]. Valuable minerals are then dissolved from the secondary source
by forming a pregnant leach solution through complexation. Further processing such as elec-
trowinning or precipitation is then used to further extract the valuable minerals from the pregnant

leach solution (PLS).

A popular leaching agent used customarily in the mining industry is cyanide, which is primarily
used for gold leaching; despite it being highly effective, cyanides' toxic nature has caused indus-
trial concerns such as environmental disasters and health hazards that occurred over the years [16].
The collapse of a mine tailings dam in Guyana in 1995 is an example of a devastating environ-
mental crisis involving cyanide contamination, where 2.9 million m? of cyanide were discharged

into the river. This incident created the urgency to find other alternatives.



Thiosulfate and thiourea were discovered to be good alternatives to cyanide-based lixiviants and
are easily scalable and applicable as well. In recent years, the utilization of hydrochloric acid in
the chlorine gas in a leach solution is more advantageous [16]. A 2-step bioleaching process for
gold and copper was developed by A. Isildar et al.[17]. This process was able to recover 44% of
gold and 98.4% copper from scrap metals using microorganisms that naturally contain cyanide.
Aqueous precious metals (PM) ions can be extracted from PLS using different hydrometallurgical
methods after the leaching process, such as solvent extraction, ion-exchange, or adsorption with
activated carbon. Solvent extraction, also known as liquid-liquid extraction, is used to process a
wide range of metals and is differentiated by the use of chemical extractants like Methyl isobutyl

ketone (MIBK), Cyanex 471X, and others [17].

Several toxic metals and metalloids have been successfully extracted using coagulation/floccula-
tion [18]. However, there is limited literature on the removal of selenium. Staicu et al. [19] con-
trasted the removal of colloidal Se(0) from wastewater using aluminum sulfate or ferric chloride
in centrifugation, filtration, and coagulation/flocculation [19]. According to the scientists, coagu-
lation/flocculation achieved the highest removal rate (92%) as compared to centrifugation (91%)
at 4,500 rpm, 73 percent at 3,000 rpm, and 22 percent at 1,500 rpm, filtration through a 0.45m
filter (87%), and coagulation/flocculation with ferric chloride (43%). The most common forms of
selenium (Se(I'V) and Se(V1)) are both highly soluble. As a result, selenium levels can be decreased
by converting it to metallic selenium and then precipitating it. This approach has been used previ-
ously and can be used to eliminate other undesirable components. The reduction of Se(IV) or
Se(VI) to their metallic state, on the other hand, necessitates the use of a powerful reducing agent,
which makes the entire process unfavorable. Se-reducing bacteria may be used in place of powerful
reducing agents. Cantafio et al. [20] conducted experiments using a selenate-respiring bacterium
[20]. Another process for selenium removal is phytoremediation, which is the removal of toxins
from polluted soils, water, or air by plants [21]. Toxic elements may be accumulated and/or de-
toxified by plants. Metals and metalloids, explosives, solvents, pesticides, and other materials can
all be used. In contrast to excavation and ex-situ remediation of polluted soil, it is a relatively

inexpensive method.

According to the literature review, most of the current study is based on the removal of Se (IV)

and Se(VI), but the key concern is the removal of the organic form of selenium. It has a higher



bioavailability than other selenium compounds and bioaccumulates faster. It is created when bac-
teria reduce selenium compounds, and it's most likely linked to the amount of soluble organic
materials used. From the standpoint of cleaner processing, preventive steps to reduce selenium
release should be considered, and treatment technologies should be evaluated using green chem-
istry principles [5]. Adsorption is effective in the treatment of low-pollutant industrial and munic-
ipal wastewaters. The key disadvantage of adsorption is the transfer of the contaminated medium,
i.e., the toxin, from the water phase to a solid phase on which the contaminant is concentrated, and
in most situations, this adsorbent should then be regenerated before reuse or processed before the
final disposal [7]. The amount of adsorbate that can be adsorbed on the adsorbent is determined
by a material's adsorption capacity. The ultimate adsorbent will be a chemical or substance that
allows for the lowest possible discharge limits for selenium by using the least amount of adsorbent
material possible. In an ideal case, a desorption procedure that regenerates the adsorbent may be

used.

Biosorption methods have the potential to fill a void in the existing PM recycling market by of-
fering a more cost-effective, environmentally sustainable, and, in some instances, better function-
ing process for removing metal ions from PLS. Dead biomass is favored to reduce toxicity and the
need for a growth medium, which would raise operational costs. The use of dead biomass for
biosorption also allows for the desorption of adsorbed selenium which helps recover the resource

(biosorbent).

2.2 Mechanism of selenium biosorption

The bioaccumulation of heavy metals from wastewater through physio-chemical or metabolically
mediated pathways of uptake is known as biosorption [22]. In other words, biosorption is a phys-
icochemical process that allows contaminants to passively bind and concentrate onto the cellular
structure of the biomass [23]. The state of biomass (living or nonliving), types of biomaterials,
properties of metal solution chemistry, and environmental conditions (pH, temperature) are all

factors that influence the biosorption mechanism.

Extensive research has been conducted about biosorption since the 1970s for various reasons [24],

such as,

10



1. Cost: since biosorption is mainly done by biomass, they are found in abundant quantities,
which makes scaling up the process more cost-effective as compared to conventional adsorp-
tion processes.

2. Metal selectivity: biomass can be selective on different metals, factors such as type of bio-
mass, pre-treatment method and reactions involved influence this selectivity.

3. Possibility of metal recovery: it is relatively easy to recover adsorbed metals

4. Competitive performance: some biosorbents proved to be more effective than conventional

adsorbents.

Biosorption can either be a physical adsorption process or a chemical adsorption process, in phys-
ical adsorption, the metals bind to the surface of a high surface area sorbent by Vander Waals
force, and they generate slightly higher heat than the heat of sublimation of the adsorbate but still
relatively low adsorbent heat. Chemisorption, on the other hand, is the occurrence of a chemical
reaction between sorbent sites and the target gas to bind through covalent bonds with much greater
adsorption heat which is usually equal to reaction heat [25]. The visual representation is shown in

Figure 2.1.

Binding site
e

e e Y '

. , Substrate
Physisorption N Chemisorption

Figure 2. 1 The difference between physisorption and chemisorption during CO: adsorption [25]

permission enclosed in Appendix B

Biosorption mechanisms can be divided into two parts according to dependency on cell metabo-
lism; they are metabolism dependent and non -metabolism dependent [26]. The main mechanisms
involved in biosorption are adsorption, precipitation, surface complexation, ion entrapments in
intrafibrillar and interfibrillar capillaries, chelation and ion exchange [7]. Many functional groups

are present on the cellular wall of the biomass, the composition differs from one biomass to an-
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other, but the most important structures for metal biosorption are hydroxyl, thiol, sulfonate, thi-
oether, amine, secondary amine, amide, imidazole, carboxyl, carbonyl, phosphonate and the phos-

phodiester group [7].

In the energy industry, biomass refers to the biological materials that were living and which were
alive until recently, and which can be used as fuel or in industrial production [27]. Most biomass
is plant material used as biofuel, but the term also refers to plant or animal materials used in the
production of fibers, chemicals, or heat. Biomass may also include the naturally decomposing
waste that can be burned as fuel. An exception is made for organic matter that ground processes
have converted into coal or oil. Biofuels include ethanol, biodiesel, biogas, and bio-butanol, all of

which are fuels that are used directly in petroleum engines.

Although biomass is a renewable fuel, it still contributes significantly to global warming, which
occurs when the natural carbon balance is disrupted, for example, in cases of deforestation or the
expansion of cities into green areas. The reason for this is that biomass is part of the carbon cycle.
Carbon in the atmosphere is transformed into biomaterial by photosynthesis, and it is released back
into the air when plants are decomposed or burned. This usually occurs over a short period of time,
and the plant material used as fuel can be replaced by planting a new plant. Therefore, a reasonable
air carbon balance, or what is known as carbon neutrality, would arise from the use of biomass as
fuel. Other uses of biomass, other than burning it as fuel or as an energy source: in building mate-
rials. biodegradable plastic and paper bags (using cellulose fibers).
The abundant polyphenol content in plant structures is what makes them great candidates to act as
biosorbents. Chemist Haslam [28] mentioned in an article that, for a phenolic compound to qualify
as a polyphenol, it should

1. Be found in plants.

2. Contain between 12 to 16 phenolic hydroxyl groups.

3. Possess 5 to 7 aromatic rings per 1000 Da of molecular mass.

Polyphenolic compounds engage in redox reactions and can reduce Au(IIl) to Au(0) in their active

sites; that is why they can demonstrate effective chelation with metal ions [29]
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Figure 2. 2 Proposed polymer structure of lignin [30]

Cellulose, lignin and tannin are found in plants and most of them contain polyphenols in certain
forms of organic polymers. The chemical structure of lignin is shown in Figure 2.2. Lignin was
first mentioned in 1813 by the Swiss botanist Augustan Piram de Kendol, who described it as a
fibrous, tasteless substance, insoluble in water and alcohol but soluble in weak alkaline solutions
which could precipitate from solution using acid. The material was called "lignin," which is de-
rived from the Latin word lignum, meaning wood [31]. It is one of the most abundant organic
polymers on Earth, surpassed only by cellulose. Lignin forms 30% of the non-fossil organic carbon
and 20% to 35% of the dry mass of wood [32]. The Carboniferous Age (geology) was determined
in part by the evolution of lignin. The composition of lignin differs from one species to another.
An example of the composition from an Aspen sample is 63.4% carbon, 5.9% hydrogen, 0.7% ash
(mineral components), and 30% oxygen (with variation), almost identical to the formula
(C31H34011) n. As a biopolymer, lignin is atypical due to its heterogeneity and the lack of a
specific base structure. Its most common function is to support by strengthening the wood (made
up mainly of xylem cells and solid woody fibers) in vascular plants [33]. Crosslinked lignols are
of three main types, all of which are derived from phenylpropane: 4-hydroxy-3-methoxy-
phenylpropane, 3.5-dimethoxy-4-hydroxyphenylpropane, and 4-hydroxyphenylpropane. The for-
mer tends to be more prevalent in conifers and the latter in hardwoods. Lignin is a cross-linked
polymer with molecular masses of over 10,000 atomic mass units. It is relatively hydrophobic and

rich in aromatic subunits. The degree of polymerization is difficult to measure since the material
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is heterogeneous. Depending on the isolation method, different types of lignin have been described

[32].

There are three monolignol (precursors), all of which are methoxylates in different degrees: P-
coumaryl alcohol, Coniferyl alcohol, and Sinapyl alcohol [34]. These lignols are incorporated into
the lignin in the form of phenylpropanoid p-hydroxyphenyl, guaiacyl, and syringyl, respectively.
Gymnosperms contain lignin, which is almost entirely guaiacyl, with small amounts of polyeth-
ylene (PE). Angiosperms are often dicotyledon a mixture of guaiacyl and syringyl (with very little
PE), and monocyclic lignin is a mixture of the three. Most of the weeds contain guaiacyl, while
some palm trees contain mainly syringyl. All lignin contain small amounts of incomplete or mod-
ified monolignols, and other monomers are prominent in non-woody plants [30]. Lignin fills in the
spaces in the cell wall between the components of cellulose, hemicellulose, and pectin, especially
in vascular and supportive tissues: the xylem, vascular elements, and solid cells. It binds covalently
to hemicellulose and thus binds different plant polysaccharides, giving mechanical strength to the

cell wall and thus the plant.

Lignin plays an important role in water conduction in plant stems. Polysaccharide components in
plant cell walls are highly hydrophilic and thus water permeable, whereas lignin is more hydro-
phobic. The crosslinking of polysaccharides by lignin is an obstacle to water absorption of the cell
wall. Thus, lignin makes it possible for plant vascular tissues to deliver water efficiently. Lignin
is found in all vascular plants but not in algae, which supports the idea that the original function
of lignin was limited to transporting water. However, it is present in red algae, indicating that the
common ancestor of red plants and algae also makes lignin. This may indicate that its original
function was structural, playing this role in the red algae Calliarthron, as it supports the joints
between the calcified parts. Another possibility is that the lignin found in red algae and plants

results from convergent evolution rather than common ancestry [35].

World commercial production of lignin is the result of the papermaking industry. In 1988, more
than 220 million tons of paper were produced worldwide. Much of this paper has been abstracted,
lignin comprising about 1/3 of the mass of lignocellulose, presented on paper. Thus, it can be seen

that lignin is dealt with on a very wide scale. Lignin is a barrier to papermaking because it is
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colored, yellows in the air, and its presence weakens the paper. Once separated from cellulose, it
is burned as fuel. Only a portion is used in a wide variety of low volume applications where shape,
not quality, is important [36]. The mechanical or high-yield pulp used to make newsprint still
contains most of the lignin originally found in wood. This lignin is responsible for the yellowing
of newsprint with age. High-quality paper requires the lignin to be removed from the pulp. These
lignin processes are the primary technologies for the paper industry as well as a major environ-
mental concern. In the process of sulfite pulping, lignin is removed from wood pulp as lignosul-

fonates, for which several applications have been suggested [35].

Sulphate process or Kraft digestion (so-called because of the strength of the paper produced in this
way, see Kraft paper) is a chemical-industrial process for the production of cellulose from the
wood of trees or from annual plants such as reeds, grain (straw), sugar cane (bagasse), Corn or
sunflower (stems). The cell walls are opened up and the lignin and polyoses contained in the plant
material are separated off. The resulting cellulose can be used as reinforcing fibers. The sulphate
process, in which wood chips are cooked in caustic soda for several hours, is the most common
process used to make paper pulp. It was invented in 1879 by Carl Ferdinand Dahl (Danzig), who
also gave it the name (Kraft), and applied for a US patent in 1884. In 1890 the first factory used

the process in Sweden [37].

Wood bark is comprised of cellulose, hemicellulose, and lignin. Different wood cuts or locations
contain different lignin compositions; for example, in a paper by Klash et al. [38] E. grandis and
E. dunnii (different types of wood) showed that lignin content on the surface is much lower than
the suggested lignin by the bulk composition. Also, lignin composition was directly proportional
to mean annual temperature (MAT), which is the average of the highest and lowest temperatures
recorded in a year, and inversely proportional to mean annual precipitation (MAP) which is the

sum of the assumed water equivalent of snow and rainfall [38].

2.3 Selenium chemistry

Several researchers have thoroughly studied the chemistry of Se. It is worth noting the following
points. Jakob Berzelius, a Swedish chemist, discovered selenium in 1817. Its name is derived from

the Greek word Selene, which means moon. It has an atomic weight of 78.96 and belongs to the
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group through metalloids. Sulfur (S) and selenium (Se) have a lot of chemical similarities, but the
radius of the Se*" atom is 0.5 A, while the radius of the S*" atom is 0.37 A. Se, like S, has five
valence states: selenide, elemental Se (0), thioselenate (27), selenite (47), and selenate (67) [39].
Selenium is assimilated in plants through the sulfur pathways, where selenate is first activated to

adenosine phosphoselenate, then reduced to selenite [40].

Selenium speciation is governed by physical, chemical and biological processes, it exists in both
organic and inorganic forms, but this thesis will only discuss the inorganic forms, which are of
prime concern to the mining industry. Different oxidation states of inorganic selenium exist; the
most common are Se2, Se (0), Se**, Se®*, each shows different properties and is affected by pH
and redox conditions. They play an important role in designing any selenium treatment process; a
Pourbaix diagram like the one shown in Figure 2.3 is used to represent different selenium oxidation
states in an aqueous phase at different pH and reduction potential conditions. From Figure 2.3, it
is observed that in the pH range of 4 to 9, Selenate (SeO4?*) is more dominant under strongly
oxidizing conditions. Moving down the y-axis, selenate is reduced to selenite (SeO3%") for alkaline
pH and to hydrogen selenite for acidic and neutral pH. Selenide (Se?) is present in reducing con-
ditions; another factor that affects the occurrence of selenium in different oxidation states is the

type of surrounding elements and ions [12].

Volatile species of selenium— H>Se, CH3SeH, (CHz3).Se, and (CH3)>Se>— are also known to be
formed in selenium-containing water bodies. Aquatic sediments represent a complex medium
where the Physical and chemical properties of sediments, along with various biotic factors, control
selenium speciation [9]. In freshwater environments, iron- manganese oxyhydroxides adsorb sele-
nium at sediment surfaces. The oxyhydroxides are reduced, which releases the selenium where it
is mineralized with organic matter and removed from pore water as Se(0) and as selenopyrites.
Selenium solubility is favored by low Oxidation-Reduction Potential (ORP) as iron selenide or

Se(0) phases are formed [9].
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Figure 2. 3 Selenium Pourbaix diagram [12]

Extensive studies have been performed on the chemistry of elemental selenium due to its com-
plexity, polymorphic forms of selenium exist, trigonal and monoclinic. The melting point of trig-
onal form is higher than that of the monoclinic form, where it is 494.2 K for the former and 413 K
for the latter [41]. Selenium, like sulfur, forms many allotropes (different phenotypes with differ-
ent internal structures of the same element), which transform between them when there are changes
in temperature. When selenium is obtained from a chemical reaction, it is often in the form of an
amorphous powder with a red-brick color, whose rapid melting at temperatures exceeding 220 °C
transforms it into a black glassy form, which is often sold commercially in the form of beaded
pellets. The continued heating creates a yellow vapor of selenium. Black selenium is a complex
and irregular structure. It is made up of polymeric rings in which the number of atoms reaches
about 1000 atoms per ring. Black selenium occurs in the form of fluffy, luminous grains and is
soluble in carbon disulfide (CS,). Heating black selenium softens it at about 50 °C, and then turns
gray at 180 °C. The thermal transition threshold may be reduced by the presence of traces of hal-

ogens or amines.

17



The different red shapes alpha (a), beta (), and gamma were obtained from black selenium solu-
tions by controlling the rate of evaporation of the solvent (often CS»). These forms are generally
considered amorphous materials, with weak irregularities in the structure in the form of monoclinic
crystal nuclei, and they contain uneven rings with different arrangements of Ses, roughly analogous
to that of sulfur. The most compact arrangement of atoms in it is alpha (). The distance between
the selenium atoms of Se-Ses in the octet rings Ses is 233.5 pm, while the angle Se-Se-Se is 105.7
°. Other selenium allotropes can be made of hexagonal Ses or hexagonal Se; rings [42]. Red sele-
nium is an electrical insulator, and slowly heating it at temperatures above 80 °C turns it gray.
Selenium does not exhibit the property of changing the viscosity that sulfur does with a gradual

change in temperature [43].

The gray form is the most stable and dense allotrope of selenium. It has a hexagonal crystal struc-
ture composed of helical polymeric chains, in which the distance Se-Se is 237.3 um, and the angle
Se-Se-Se is 130.1°. the chains have a minimum distance of 343.6 pm between them. Gray selenium
is formed from the gentle heating of other allotropes, from the slow cooling of the molten selenium,
or the condensation of the vapor of selenium near its melting point. The gray shape differs from
other allotropes by not being able to dissolve into carbon disulfide (CS>) [42]. The gray shape also
differs in that it has semiconducting properties, and it exhibits the phenomenon of optical conduc-
tivity as well [42]. The bandgap of gray selenium is 1.74 MeV and lies on the boundary between
the energy of visible and infrared light. Exposing gray selenium to light causes a change in its
electrical conductivity. This is not due to the presence of electrons in the conduction band. Rather,
the optical conductivity occurs due to the presence of electronic holes that are not located and are

continuously moving [44].

Selenium can form a number of organic compounds, especially in the state II oxidation, where it
forms a stable bond with carbon atoms, similar to the organic sulfur compounds. Common exam-
ples are R»>Se (analogous to thioethers) such as selenomethionine or dimethyl selenide, and R»Se;
(analogous to disulfide) such as disulfide as well as RSeH (analogous to thiolate), such as selenol
benzene (analogous to thiolate), also known as selenophenil. RSeOR compounds of selenoxide
can be obtained as intermediate compounds within special organic reactions such as the selenoxide

deletion reaction. On the other hand, selino ketones R (C=Se) R and seleno-aldehydes R (C=Se)
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H are present [45][46]. However, they are generally difficult to obtain, in accordance with the

"double bond rule" [47].

Selenium can be detected quantitatively in an electrochemical method by measuring the polarity
at concentrations up to 0.003%, The selenates in a 0.1 M solution of ammonium chloride exhibit
a threshold at 1.50 V versus the saturated calomel electrode. The detection of the effects of sele-
nium uses the atomic spectroscopic method, where it can detect small concentrations of selenium
in a way atomic absorption spectroscopy reaches the threshold of 0.01 mg/liter [47].

Selenite (Se*") and selenate (Seb") are the two most common oxyanions of selenium; this plays an
important role in determining the oxidation or reduction state of selenium along with the adsorp-
tion efficiency of the selenium species present in the solution. There are 3 chloride forms of sele-
nium, selenium monochloride (Se>Cl,), selenium dichloride (SeClz), and selenium tetrachloride
(SeCls). Elemental selenium Se (0) is the specie present in both Se>Cl» and SeCl,, but different
adsorption recovery can be achieved due to the competition between chlorine atoms and selenium
atoms. In selenium monochloride, Se-Cl bond is symmetrical, which means there is one selenium
atom bonded to one chlorine atom; therefore, the competition between the atom is much less com-
pared to SeCla, that is why it is very probable that the recovery rate of selenium from Se>Cl> would
be double than in SeCl,. Selenite (Se*") is the selenium specie present in SeCly; all these chloride

forms are present in equilibrium when they are in acetonitrile solution as shown below.

38eCly — 8e2C2+ SeCly c.uvvv ot et ettt e e et e e e e e e Q20

In a real pregnant leach solution (PLS), it is very hard to pinpoint the selenium species present;
variables such as solution pH and selenium concentration play an important role in determining

which selenium species is most probable to be present in the solution.

2.4 Significance of immobilization

The immobilization process is divided into two stages: first, the introduction of novel functional
groups that aid metal adsorption onto the polyphenolic structure of biomass, followed by cross-

linking, or vice versa [48]. The efficiency of biomass can decrease if it is unmodified, it can be
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difficult to separate from adsorbed metal on it can have poor strength, which makes successful
utilization difficult [49]. Iron (Fe) has proved to be efficient when it comes to selenium biosorp-
tion; researchers like Roberts et al. [1] and Rovira et al. [50] used iron to adsorb selenium from
wastewater. Seaweeds have a high metal binding capacity which is due to the presence of proteins,
polysaccharides or lipids on their cell wall surface, which contains functional groups such as
amino, hydroxyl, carboxyl and sulfate, which act as binding sites for metals [51]. It was discovered
by Roberts et al. [1] that one limitation of this approach is that significant amounts of iron can
leach from the surface of the iron-based sorbent (IBS), causing future environmental issues. As
the rate of Se uptake is negatively correlated with Fe leaching, the biosorption capacity should
increase if further optimization of the biosorbent is done. In this research work, lignin is unmodi-
fied and that is due to the unavailability of thermodynamic data of modified lignin as a simulation
work. As a result, raw lignin was entered in METSIM with the thermodynamic data found from

the few available research works on lignin.

2.5 Experimental conditions

To test the biosorbent efficiency, biosorption processes are done in batches. In batch tests, param-
eters like pH, temperature, contact time, etc. are determined, which yield the highest sorption po-
tential. Variations in experimental conditions, including temperature, solution pH, sorbent dosage
and initial concentration, can all affect the ability of a biosorbent to uptake Se ions. Many research-
ers agreed that increasing operating temperatures to a certain extent can result in more efficient
adsorption. In the extraction of selenium from water by iron treated Gracilaria, Roberts et al. [1]
discovered that 20 °C was the optimum temperature where 99% of selenium was adsorbed. Some
of the most successful selenium biosorption experiments were performed at room temperature (20
°C). The pH of the solution is an essential parameter to control for effective ion sorption. The pH
affects the properties of selenium forms found in the solution; in the pH range of 4 to 9, selenate
(SeO4%) is more dominant under strongly oxidizing conditions. For alkaline pH, selenate is re-
duced to selenite (SeO3%); on the other hand, it is reduced to hydrogen selenite for acidic and

neutral pH. A pH range of 4 to 9 was used for most of the experiments conducted in the past.
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Table 2. 1 Summary of experimental conditions for different types of absorbents for selenium

removal.

Biomass type Selenium species T (°C) pH  qmax (mg/g) References

Cladophora Se (IV) 20 50 749 [52]

hutchinsiae

G. lucidum Se (IV) 20 5.0  126.99 [53]

Gracilaria modified Se (IV) Se (VI) 20 4.0 272 [1]

biochar

S. cerevisiae Se (IV) 45 5.0-  39.02 [54]
6.0

Wheat bran Se (IV) Se (VI) 30 2.0 7254 6251  [55]

(ng/g)

Pseudomonas stut- Se (IV) Se (VI) 25-35 7.0- - [56]

zeri 9.0

Lactobacillus Se (IV) Se (VI) 20-50 3.0- 700 (ng/g) [57]

plantarum 9.0

Enterobacter tay- Se (VI) 21 82 — [58]

lorae

The extent of biosorption can also be affected by variations in biosorbent and initial concentration.
At a given equilibrium concentration, more metal ions are adsorbed by the biomass at low cell
densities than at high densities [22]. Electrostatics interaction between the cells also plays an im-

portant role in metal uptake. At lower biomass concentrations, the specific uptake of metals is
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increased because an increase in biosorbent concentration leads to interference between the bind-
ings sites [22]. At high sorbent dosages, however, there may not be enough available solute to
completely cover the available binding sites, resulting in poor solute uptake [48]. To overcome all
mass transfer resistance of metal between the aqueous and solid phases, a driving force is provided
through initial metal concentration; the optimum percentage of metal removal can be taken at low
initial metal concentration. Thus, the metal uptake increases with an increase in initial concentra-
tion at a given biomass concentration. In the case of selenium, Tuzen & Sar1 [52] compared the
effect of concentration on selenium sorption and found that there is an optimum concentration (8
mg/L in their case) as shown in Figure 2.4, where maximum biosorption occurs, then it becomes

constant afterward.
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Figure 2. 4 Effect of biomass dosage on the biosorption of Se(IV) by C. hutchinsiae biomass [se-
lenium concentration: 10 mg/L; pH: 5; temperature: 20 (°C) [52] permission enclosed in Appen-
dix C
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2.6 Biosorption isotherm models

The mechanism of processes, prediction of reaction outcomes and experimental data analysis can
all be understood by Adsorption Isotherm models. The displayed adsorption isotherm is an inval-
uable non-linear curve describing the adsorption phenomenon at a steady temperature and pH, and
the mathematical relationship which is depicted by the modeling analysis is important for opera-
tional design and applicable practice of the adsorption systems [59]. On the other hand, linear
analysis of isotherm data into isotherm models is an alternative mathematical approach to predict
the overall adsorption behavior [60]. In experiments involving solid/ liquid interaction, the Lang-
muir and Freundlich Isotherms are the most studied isotherms [48].

The Langmuir Isotherm is a non-linear isotherm, it is based on the assumption that adsorption can
occur only in a finite number of definite localized sites, interactions among adsorbate molecules
are negligible; and the adsorption proceeds with the formation of only one layer of the adsorbate

on the adsorbent surface (the so-called: monolayer adsorption) [60].

Ce 1 1
- — + =
Qe Q°K, Q°

G EQ 2.2

Q° describes the quantity of selenium acquired per gram of biosorbent at equilibrium (mg/g), K1 is
the Langmuir equilibrium constants between adsorption and desorption. Q. is the adsorption ca-
pacity of the adsorbent (mg/g), C. is the final concentration of the element (mg/L). The essential
characteristics of the Langmuir isotherm can be expressed in terms of a dimensionless equilibrium

parameter (Rz). This parameter is defined by Thajeel (2013) [61]

_ 1

.Eqg2. 3

If R>1 unfavorable adsorption, R;=1 linear adsorption, 0<R;<1 favorable adsorption and R;= 0

irreversible adsorption. [61]
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Figure 2. 5 Langmuir isotherm plots for the biosorption of Se(IV) by C. hutchinsiae biomass [52]

permission enclosed in Appendix C

Freundlich Isotherm is an empirical model which operates under the assumption that multilayer

adsorption, with variable distribution of adsorption affinities and heat over the heterogeneous sur-

face exists [59]

1

i B 2. 4

K and n are Freundlich constants, n gives the indication of how favorable the adsorption process

is, whereas K is the adsorbent capacity of the adsorbent [61]. A typical Freundlich Isotherm plot

has a slope between 0 and 1, which is a measure of adsorption intensity or surface heterogeneity;

if its value is closer to zero, then it is more heterogeneous.
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Figure 2. 6 Freundlich isotherm plots for the biosorption of Se(IV) by C. hutchinsiae biomass
[52] permission enclosed in Appendix C

Using the findings of Tutzen & Sari [52] as an example, from the plots in Figure 2.6 and 2.7, it is
apparent that their C. hutchinsiae biosorbent adheres more to the Langmuir isotherm model than
the Freundlich model. This is because the Langmuir plot has a higher R? value of 0.9956 when
compared to the Freundlich plot’s R? value of 0.9596, signifying that data points collected from
the adsorption of Se(IV) fit better to the Langmuir plot.

Another Isotherm which was used by Khakpour et al. [54] is Sip’s isotherm, which is a combined
form of Langmuir and Freundlich expressions deduced for predicting the heterogeneous adsorp-
tion systems, overcoming the Freundlich Isotherm Limitation which is the rising adsorbate con-
centration, it applies Freundlich Isotherm at low concentration, but at high concentrations, it as-
sumes a monolayer adsorption capacity which is characteristic of the Langmuir isotherm

The Sip’s equation is given as [62]

KsCoP®

e

e Eq 2.5

Where as and K are Sip’s isotherm model constant, Ss is Sips isotherm exponent.
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During a study conducted on the use of wheat bran as a biosorbent for selenate and selenite, Hasan
et al. [55] used Thomas model. The Langmuir kinetics of adsorption-desorption are assumed in
Thomas model; it also assumed that the rate driving force obeys second-order reversible reaction,
a constant separation factor which is relevant to either favorable or unfavorable isotherms. The
main limitation of the Thomas model is that it's derived from second-order reaction kinetics which
means that, sorption is rather controlled by interphase mass transfer, not limited by chemical reac-
tion kinetics which can lead to some error when this method is used to model the adsorption pro-

cess. The equation representing Thomas Model is given as [55]

C _ KrhnqraM KThC,
In (_O — ) = 0 - 0 g Vefqu 2.6

t

Thomas rate constant is represented by Ktn whereas, gh represents the maximum solid-phase con-
centration of the solute. By plotting In[(Co/C;) — 1] against Vesrat a given flow rate, both the kinetic

coefficient kty and the adsorption capacity of the bed grn can be determined.

Arrhenius equation shown below is used to calculate the activation energy (Ea)

MK = 1A =Z2(2) e B 2.7
R \T

Where R represents gas constant (usually 8.314 J/mol K), K; represents a rate constant and A4 sig-
nifies the Arrhenius constant. Typical values for physisorption can be up to 4.2 kJ/mol, which is
quite low as energies required for physical interactions are generally weak due to the nature of
intermolecular forces [63]. Chemisorption, however, occurs at higher activation energies between
8.4 to 83.7 kJ/mol or above; these values emphasize that the forces required for chemical bonds to

proceed are present in order for the adsorbent to interact with the metallic ions [64].
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2.7 Summary of review

In this chapter, the mechanisms, and operational parameters of metal biosorption were discussed,
as well as a comparison of biosorption's use and benefits versus traditional recovery methods are
given. Plant materials include structural and functional organic polymers with polyphenolic
groups, which have been shown to be effective at adsorbing metal ions in solutions in the past.

Conventional methods that are being used in the present day for metals recovery include pyromet-
allurgy and hydrometallurgy. Although pyrometallurgical processes are available commercially,
the long processing times and huge requirements of energy to maintain operating temperature tend
to be disadvantages associated with it. Also, in most cases, pyrometallurgical processes are ac-

companied by hydrometallurgical processes in order to further purify the recovered minerals.

Although selenium recovery processes such as oxidation/reduction, phytoremediation, membrane
separation technologies, coagulation or flocculation, and adsorption have proven to be effective
over the year, excessive operation costs and obeying environmental regulations may make sele-
nium recovery less likely to be adopted on a massive scale. As a result, biosorption has been
adapted by researchers over the past decade since it offers many advantages such as cheap operat-
ing cost, regeneration, and similar or higher uptake capacities than conventional adsorbents.

Lignin can be found in all plants; it is an important constituent of wood along with cellulose and
hemicellulose, where lignin makes up 30%, cellulose content is 45%, and hemicellulose is 20%.
The presence of the polyphenol group (OH) in lignin, is what makes lignin bind to valuable min-

erals.

Inorganic selenium has 4 different oxidation states selenium exist; the most common are Se’?, Se
(0), Se**, Seb”", each shows different properties and is affected by pH and redox conditions. The
extent of selenium biosorption is affected by different variables such as

e Biosorbent dosage

e Initial concentration of selenium

e Residence time

e pH

e Temperature
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e Reaction rate

Evidence shows that biomass treatment may improve uptake, but since such treatments may alter
the thermodynamic data and chemical structure of the biomass, there is very little literature on

these data and as a result, organic lignin is used instead.
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CHAPTER 3 Model Procedure

3.1 Software and data

METSIM was only used as a metallurgical simulation program, with the aim to perform mass
balances around the unit operations available in the complex flowsheets. Due to its success, the
program was expanded to include detailed heat balances, chemistry, process controls, equipment
sizing, cost estimation, and process analysis. The program is so versatile, which means that with
the least effort, it can be modified or expanded the system, which is due to its unique programming
language (APL). The ability to deal with heterogenous solutions (containing solids and liquids)
and modify thermodynamic properties makes METSIM stand out when compared to Aspen. More-
over, a few research have been conducted on hydrometallurgical processes simulation; as a result,

using METSIM provides an alternative perspective of the process with a different set of results.

Selenium monochloride (Se2Cly) was the chloride form of selenium used in this model since it is
one of the most soluble crystalline structure in water, so it is very probable that it would be avail-
able in pregnant leach solution or industrial waste effluents. The components needed in this model
were Se2Clz, hydrochloric acid, water, and lignin. The main purpose of HCl and water is to control

the pH of the solution entering the reactor tank where a chemical reaction is specified.

To add components, it is needed to choose elements from the periodic table available in METSIM
and it will show all the available components with the chosen elements, as shown in Figure 3.1.
Thermodynamic data of biomass such as plants containing lignin is not available on METSIM and

as a result, it was found using a different approach, which is discussed in Section 3.2.

As in the case of any simulation model, some assumptions must be made for the model to work
properly. One of these assumptions was the rate of reaction. For the model to run in METSIM, the
reaction rate must either be entered as a function of temperature and time such as “1-xR7/¢”, where
x is the initial rate of reaction (e.g. 0.4), R is the gas constant, 7 is temperature in K and ¢ is time
in minutes. This helps study the effect of residence time on the rate of reaction. Or by assuming

the reaction rate as a number such as 0.55 which means that reaction rate is assumed as 55%. The
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first approach was used here as it is more accurate and time is an important factor in this simulation.
Another assumption made in this simulation was the room temperature, according to different re-
searchers, the room temperature in the laboratory was between 20 °C and 25 °C, so a room tem-
perature of 25 °C was assumed in this model. The final assumption made in this simulation was
the revolutions per minutes (rpm) in the reactor, most researchers were stirring their solution at

200 to 300 rpms, therefore, a 300 rpm agitation was used for this simulation.

(O COMPONENTS

R
X

No. I Component Name I Abbr. I Formula I Ions I Phase Insert |
1 Water aH20 H20 3 '

2 Nitrogen gN2 N2 8 Edit |
3 oxygen g02 02 )

4 Selenium Monochloride d aSe2Cl2 Se2Cl2 3

5 Hydrochloric Acid sHCl HCl 3

[ Selenium Sec sSe Se 1 Copy

9 HWater Vapor H20 H20 3

0 new component 0 Paste

Sort

Undo

Save

o
s

~
v

Cancel

oo |
_pose |
=

e |
o |
_sae |
o |
Coce |

Figure 3. 1 List of components chosen on METSIM before adding lignin

3.2 Thermodynamic data of lignin

Lignin is an aromatic hydrophobic polymer, which along with cellulose and hemicellulose, is one
of the major components of plant cell walls, particularly wood cell walls. As mentioned in Section
2.2, there are two types of wood, hard wood, and soft wood. the former has of 45% cellulose, 30%

lignin and 20% hemicellulose, the latter has 20% lignin, 30% hemicellulose, and 45% cellulose
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[65]. While it was known that only higher land plants (vascular plants) had lignin, some studies
confirmed that some algae contain lignin as well [66]. Since the last century, lignin has been
expected to be one of the essential organic products because it is the most abundant biomass on
this planet alongside cellulose [67]. Lignin has to be separated from wood in order for it to be
usable, this can be done in different ways but chemical pulping processes such as sulfite pulping
are the most commonly used. Lignin has a wide variety of uses, for example. Lignosulfonate is
used as a dispersing agent for concrete.

Before finding the thermodynamic data of lignin it was needed to a find a suitable lignin monomer
for this simulation, a proposed lignin chemical structure by Funaoka et al. [65] is shown in Figure

3.2 and is one of three proposed monomers of lignin.

CH,OH

Z

OCH;
OH

Figure 3. 2 Structure of lignin proposed for the simulation [65] permission enclosed in Appen-
dix D

Thermodynamic properties of lignin were studied by Voikevich et al. [34], and the enthalpy, en-
tropy, heat capacity and Gibbs free energy were calculated for a temperature range of 0 K to 380

K, which covers the temperature range needed to perform this study. They are displayed in Table

3.1[34].
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Table 3. 1 Thermodynamic data of lignin [34]

Com AH,/T A, -(Go(T)-H,(0))/T -0, -AG,
T/K JK mol™ JK mol™ JK mol™ JK  mol™ K-mol™ kJ:mol™
Amorphous
0 0.0 0.0 0.0 0.0 6739 6739
20 11.87 4.081 5831 1.749 6756 669.7
40 3290 13.16 2041 7.248 680.3 657.2
60 §3.68 2325 3773 1448 685.7 641.1
80 7074 3329 55.84 2255 689.4 625.7
100 89.55 42.88 73.90 31.02 693.1 608.1
120 105.4 5199 91.64 39.65 6959 5914
140 120.5 60.70 109.0 4832 698.3 S73.5
160 135.5 69.11 126.1 5698 7006 §55.3
180 150.5 7132 1429 65.60 702.8 $37.1
200 165.6 85.39 159.6 74.16 704.7 5182
220 180.8 93.36 176.0 8267 706.7 499.9
240 196.5 1013 1924 91.14 708.5 481.1
260 2123 109.2 208.8 99.56 710.2 461.9
27315 222.5 1144 219.5 105.1 7111 4489
280 2277 117.1 225.1 107.9 7116 424
298.15 2420 1243 239.8 1155 7129 424.8
300 243.5 1250 2413 116.3 7130 423.0
320 260.0 133.0 2576 1246 7142 404.1
340 274.1 1409 2738 1329 7153 384.9
360 288.8 148.6 289.8 1412 7162 3654
380° 3073 1565 3059 1494 7169 56
Liquid

40" 4133 174.5 3404 165.9 709.9 306.2
440" 4280 185.8 360.1 1743 7084 287.0

The above data facilitate the calculations of parameters such as reaction heat or mixing heat which
in turn helps determine heat transfer, which is crucial when designing, sizing, or selecting equip-

ment; METSIM requires thermodynamic data to be entered in the form shown in Eq 3.1 as follows,

H = A+ 0.001BT + 100000CT % 4+ 0.000001DT?...........coeevevveeeeeenn o Eq. 3. 1

Where H is enthalpy. As a result, the thermodynamic data of lignin were plotted as shown in Sec-

tions 3.2.1, 3.2.2 and 3.2.3, to obtain a polynomial function and enter values of 4, B, C, and D.
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3.2.1 Enthalpy

A curve of the enthalpy of lignin vs temperature is displayed in Figure 3.3, and the values of A, B,
C and D entered in METSIM are shown in Table 3.2.
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Figure 3. 3 Plotting of enthalpy of lignin vs. temperature

Table 3. 2 A, B, C, and D values of the polynomial function generated for the enthalpy of lignin

A B C D

672.51 0.2415 -0.0005 0.0000004
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3.2.2 Gibbs free energy

As shown in Figure 3.4, the Gibbs free energy of lignin is plotted against the temperature, and the
values of A, B, C and D are entered in Table 3.3.
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Figure 3. 4 Gibbs free energy of lignin vs. temperature

Table 3. 3 A, B, C, and D values of the polynomial function generated for Gibbs free energy of

lignin
A B C D
678.78 -0.565 -0.0015 0.000002
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3.2.3 Heat capacity

As shown in Figure 3.5, the heat capacity of lignin is plotted against the temperature, and the

values of A, B, C, and D are entered in Table 3.4.
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Figure 3. 5 Heat capacity of lignin vs. Temperature

Table 3. 4 A, B, C, and D values of the polynomial function generated for the heat capacity of

lignin
A B C D
-3.2477 0.9961 -0.001 0.000001
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3.3 Data entry in METSIM

Since the values of A, B, C, and D for all the thermodynamic data have been found, lignin can be
added as a component in METSIM as follows,
1- The molecular weight of lignin is entered as 196 g/mol, as shown in Figure 3.6.

2- Values of A, B, C and D can be entered in the thermo data tap as shown in Figure 3.7.

EDIT COMPONENT

Compenent | Thermo Data |

CNO I Component Number

CNL ILgnin Component Name

CNM |clignin abbreviated Name

CHF |C10H8(0H14 Chemical Formula

ION I Ionic Formula

CMW [m Molecular Weight

PHC v| Phase Type

CNV v Include in convergence criteria

SGF IO.S? IO |0 Specific Gravity

EPH ﬁ Estimated pH, moles of (+)H+ or {(—)0H-/mole of component

Antoine Equation: log P =4 -B + T + C, mmHg
VPR |7.0924 [1582.7 [206.01 Vapor Pressure — A, B, C

csL |0 |o |o Solubility
HEN |0 Henry's Law, atm/mol

BWI [0 = Bond Work Index, KW-HR/TON

cov |0 |o |o Other

XLz |0 |o Crystallization Method

XLZ[1] 0=a4ll New Crystals n=Fraction to Grow on Existing Crystals

oK I Cancell Help |

Figure 3. 6 Molecular weight and vapor pressure entering in METSIM
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EDIT COMPONENT

Component Thermo Data l
REF SEer Reference

REF: CRC-CRC, KaRA-Rarapet'vants, PER-Perrv's,
BAK-Barin Knacke, BAR-Barin, JANF-JANAF, 1452-USGS 1452,
Bnnn-USBM Bulletn nnn, EST-Estimated

TPV [0 o 0 Crit. Prop. — Temp.(K), Pres.{atm), Vol.{cm3/n

Heat Data is in kcal/kg-mole

TTR IO |330 Temperature Range, ©OK

PPR IO |0 Pressure Range, kPa

H25 |204-5 Heat of Formation @ 250C
525 IO Entropy @ 250C

Coefficients — Cp = A + 0.001xBxT + 100000xCxT~2 + 0.000001xDxT2

HCP |0 o o o A, B, C, D

HTE/HTG = & + BxT + 0.001xCxT2 + 100000xD+T
HTE [672.51 [0.2415 |0.0005 [4.0E~7 Enthalpy - A, B, C, D
HTG [678.78 |70.565 |-0.0015 |0.000002 Free Energy - &, B, C, D
acT |0 o Activity

oK | Cancell Help |

Figure 3. 7 Enthalpy, Gibbs free energy data entry in the “thermo data tap” in METSIM
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3.4. Chemical reaction involved

The reaction entered in METSIM is an adsorption reaction where Se2Clz reacts with lignin to pro-

duce selenium, hydrochloric acid, and product-lignin as shown below,

3SexCly + Ci1oHs(OH)4 — 6Se + Ci1oHsO4 + OHCI ..o ooivii i ei e e Eq 301

Both selenium dichloride (SeCl») and Selenium tetrachloride (SeCls) were entered as follows,

38eCly + 2 C1oHs(OH)4 — 6Se + 2 C1oHsO4 + 12HCI ..o oo oo iev e Eq 3.2

38eCly + CioHs(OH)y — 6Se + C1oHsO4 + 6HCI ... ccvvv e eee e e e Eq 3.3

Selenium monochloride was the chloride form of choice because chlorine ions compete with the
adsorption of other anions such as selenate and selenite, especially when present at higher concen-
trations; therefore, choosing a chloride form that has equal number of selenium and chloride ions
would be more beneficial than SeCl» and SeCls as the chlorine concentration would be much higher
in these species which would lead to less percent recovery [68]. Elemental selenium [Se (0)] is the
selenium species present in both Se>Cl, and SeClo. On the other hand, selenite (Se*") is present in

SeCla.
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3.5. Simulation development

A mixer, a heat exchanger and an agitated reactor tank were the three-unit operation utilized in
this simulation; the main purpose of the mixer is to adjust the flow rates and concentrations of HCI
and Se>Cla, which in turn controls the theoretical pH of the solution entering the heat exchanger
which heats the solution to a set temperature before entering the reactor where the main reaction
takes place. The process flow diagram is shown in Figure 3.8, Also Table 3.5 details the compo-

nents present in each stream.

The simulation is designed as follows, selenium monochloride, water and hydrochloric acid enter
a mixer at a set hydrochloric acid concentration of 0.39 M (which is the concentration of the preg-
nant leach solution being simulated in this model). The selenium chloride/water solution then en-
ters a heat exchanger where temperature is controlled, the solution then enters an agitated reactor
where it is mixed with lignin (from stream 5) at 300 rpm. The product selenium in stream 9 is
found in 2 states, solid and liquid. The solid selenium simulates the amount of selenium that binds
to the lignin in a laboratory, the liquid selenium however, is the amount of selenium that remains

in the pregnant leach solution after the process is run.

Three-unit operations were used in this simulation. The mixer labeled as MXI was used to mix the
selenium monochloride with HCl and water to simulate a real PLS. A shell and tube heat exchanger
labeled as HTX was used to heat the Se>Cl, before entering the agitated reactor labeled as TAK,

where the main adsorption reaction will happen with lignin.
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Figure 3. 8 METSIM model developed with all components and unit operations needed

Table 3. 5 Components present in each stream.

Stream Number Component(s)

Heat exchanger feed (Se>Cl,, HCI and H>O)
HCl

H>O

Sex2Cla

Lignin

Hot feed into reactor (Se>Clz, HCI and H>O)
Cold water in

Hot water out

o 0 9 SN N A W N -

Reactor outlet (Se, product lignin, and HCI)

Parameters such as temperature, initial concentration of selenium, pH and residence time were
treated as variables to reach the highest percent recovery (% recovery) of selenium in this simula-
tion. As shown in Figure 3.8, there is a feed flow controller on stream 5 (lignin), which is meant

to control the mass of lignin per litre of solution, another process control is installed on stream 3
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(water), which is meant to control the pH of selenium chloride. The chemical reaction was speci-

fied in the agitated reactor as shown in the Figure 3.9.

ENTER REACTION
+ React - React | + Prod | - Prod Clear Balance | User | oK | Cancel |
I 3 asSe2Cl2 + 2 clignin = B sSe + 2 cplignin + & 3HC1
SOLIDS LIQUIDS MELTS GASES

E sSe SI 1 sH20 LI 2 gh2 GC

7 clignin S0 4 aSe2Cl2 LI 3 goO2 GC

8 cplignin SO 5 sHC1 LI 9 H20 GC

CALCULATION OPTIONS: IO-SS PC Reaction Extent /Residual
~| o log KE Equilibrium Constant

EXPRESSION FOR EXTENT: IO log Ka Equilibrium Achieved
|1-0.45KRT+BO IO TM Temperature ol

|141.5?95?: HR Heat Generated kcal/hr

Figure 3. 9 Specific chemical reaction involved during adsorption entered in METSIM
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CHAPTER 4 Results and Discussion

4.1 Effect of temperature

The heat exchanger used in this simulation was a shell and tube heat exchanger and the temperature
ranges of 25 °C, 35 °C, 45 °C and 55 °C were tested. At 25 °C, the simulation ran without any

errors and an initial selenium recovery of 55% was obtained, but at higher temperatures, the sim-
y g p

ulation did not run and turned completely red, as shown in the Figure 4.1.

Figure 4. 1 Effect of temperature on the adsorption process and the inefficiency indicated by the

red streams (Which means they are not running properly)

METSIM modelling equations are not accessible to the public and as a result, a person cannot view
what equations/formulas were used during the simulation model and change or modify them. As
shown in Figure 4.1, both stream 3 (water) and stream 5 (lignin) did not converge, which suggests
that the simulation is only runnable at 25°. Stream 6 (reactor inlet) is marked in red which auto-
matically makes the selenium concentration in the product stream (stream 9) very low as shown in

Figure 4.2,
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W Stream 9 = O X
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|o Output Level 0 Design Factor |o Maximum Flow
|o Box Number [o lo Io Variasbles 1 2 3
IQ Sl LI I
oK Cancel
Ioi Label SO GC I

(Ue.Frac. Molfrac. Ko/mR (Ue.Frac. Molfrac. Ko/mR
1 1 3.362E77 [u} ]
9.957E77 0 o
1.681E77 [} o
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0 0 o
0 1 3.362E77
0
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1.664E™ 9
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Figure 4. 2 Shows stream 9 (product stream) after it was run at 35 °C and how the selenium
recovered was close to 0%, which means that temperature has a negative effect on this

particular adsorption reaction

From Figure 4.2, it can be seen that selenium flow rate was 0.98 g/h in the feed stream; then it
became almost 0 in the product stream, which means that the adsorption reaction is not running at

a higher temperature.

This observation is backed up by a study by Yen Ning lee [69]. In that study, dithiooxamide
immobilized wood bark was used to adsorb platinum and palladium from the pregnant leach
solution. After it was successful, it was used to co-adsorb other trace elements such as silver,

selenium, lead and zinc at temperatures 25 °C, 30 °C, and 40 °C. Adsorption was successful at the
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3 temperatures for all the metals except selenium as shown in Figure 4.3. This might mean that

selenium dissociates at higher temperatures and as a result, it does not bind to the sorbent material.
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o
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Figure 4. 3 Comparison of effectiveness in co-adsorption of all detectable metal species in re-
ceived pregnant leach solution by dithiooxamide-immobilized wood bark at various tempera-
tures. Operating conditions: Initial platinum and palladium concentrations = 20 and 44 ppm,

solution volume = 200 mL, sorbent dosage = 200 mg, stirring speed = 200 rpm [69]

Since temperature would not be utilized as a parameter, a new model was introduced, where the
heat exchanger was removed and two different process controls were introduced; more details will

be discussed in Section 4.2.
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4.2 Finalized METSIM model

>

/

MX1I

Figure 4. 4 Finalized METSIM model after removing the heat exchanger since the effect of tem-

perature was proved to be negative for this reaction

In the revised flowsheet (Figure 4.4), The feedback controller installed earlier on stream 3 was
removed since it was not accurate and different results were found every time the simulation was
run; it was rather moved to stream 4 (Se:Cly) and a value function was entered to control the
selenium concertation in the solution in g/L, which would be more accurate when calculating up-
take values. The other process control is a feed flow controller installed on stream 2 (HCI) and it
is to control the ratio between HCI and water which can somehow control the % HCI or flow rate

of HCI and water in the simulation.
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4.3 Effect of residence time

To control parameters, METSIM offers a wide variety of valuable functions which are beneficial
and accurate when one knows how to use them; process controls do not function without introduc-

ing value functions into them, the effect of residence time was introduced by controlling the time

(minutes) in the reactor tank as shown in Figure 4.5.

- React | + Prod | - Prod | Clear | Balance | User | 0K | Cancel|
3 aSe2Cl2 + 2 clignin = B sbe + 2 cplignin + & SHCL
SOLIDS LIQUIDS MELTS GASES

E sSe SI 1 sH20 LI 2 gN2 GC

7 clignin S0 4 a5e2Cl2 LI 3 gO2 GC

& cplignin SO 5 sHC1 LI 9 H20 GC

CALCULATION OPTIONS: |0-55 PC Reaction Extent /Residual
IPeaction Extent, Enter Expression :E]|o log KE Equilibrium Constant

EXPRESSION FOR EXTENT: |0 log K& Equilibrium Achieved
|1—0.45KRT+50 IO TM Temperature oC

|141.5?95?: HR Heat Generated kcal/hr

Figure 4. 5 Expression of extent equation for controlling residence time on METSIM

It is observed that the reaction rate at 60 minutes is 55%. When time is increased, the reaction rate

also increases, as shown in Figure 4.6.
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Figure 4. 6 Graphical plot showing the effect of residence time on the percent recovery of Se

from SexCl> on lignin

As seen in the graph, the rate of reaction rises rapidly to 92%, then it slowly increases to a maxi-
mum reaction rate of 99% at the 48-hour mark. As a result, the residence time in the agitated

reactor was kept at 48 hours (2880 minutes) as shown in Figure 4.7.
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- React | +Prod | - Prod | Clear I Balance | User | oK | Cancell

I 3 aSe2Cl2 + 2 clignin = £ sSe + 2 cplignin + & sHCL
SOLIDS LIQUIDS MELTS GASES
6 sSe = 1 sH20 LI 2 gN2 GC
7 clignin 50 4 aSe2Cl2 LI 3 go2 GC
8 cplignin SO 5 sHC1 LI 9 H20 GC
CALCULATION OP TIONS : |0.990525 PC Reaction Extent/Residual

ieaction Extent, Enter Expressi Ll |0 log KE Equilibrium Constant

EXPRESSION FOR EXTENT: o log KA Equilibrium Achieved
1-0.45xRT=2880 o TM Temperature oC

|0.3740410. HR Heat Generated kcal/hr

0K | CanceII Help |

Figure 4. 7 The reaction rate shown at 99.0625% after 48 hours
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4.3 Adsorbent dosage

Lignin S/L ratio was controlled by installing a feedforward controller on stream 5 (lignin); the
main function of this controller is to set the flow rate of lignin entering the reactor as shown in

Figure 4.8.

eedforward Control

FFC I Notes I

FEEDFORWARD CONTROL adjusts stream flows so that certain ratios
are maintained between streams or components.

ON [v Controller On
CN |2 Control Loop Number
TY FEC Controller Type: FRC, FFC, PSC, FBC

Controller description

ID Ilignin ratio control

OP |3 Unit operation

SN |5 » Number of stream to be adjusted.

SP |(0-1+1> » Desired controller set point value.

APL expression for the current value of the set point wvariable.

VE |{VGMH s5):(VLPH sl

The control ratio may be 3 mole or mass ratio of streams, phases or
components. The only acceptable controlled variable is a stream flow
rate. The FFC is activated prior to execution of the unit operation.
The expression "must” be a ratio of a variable in the adjusted stream
and another wvariable. The numerator must be directly proportional to
the flow of the adjusted stream.

0OK I Cancell Help |

Figure 4. 8 Value function entered in the feedforward controller in order to control lignin dos-

age by controlling the flow rate ratios between selenium chloride and lignin

From Figure 4.8, it is noticed that to control the lignin dosage, a value function had to be entered,
which sets a ratio between the mass of lignin per volume of stream 1 components (reactor feed).

The volume stream 1 was set at 1L and the mass of lignin was treated as a variable,
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Figure 4. 9 Showing the effect of lignin dosage by plotting the percent recovery of selenium
against the S/L ratio

Figure 4.9 shows that selenium % recovery was slightly increasing with increasing lignin dosage,
then it reached a maximum recovery at 0.9 g/L of lignin, therefore, a 0.9 g lignin dosage was

chosen for this simulation.
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4.4. Initial concentration of selenium

To compare the % recovery of selenium accurately, the concentration of selenium in selenium
chloride was adjusted in g/L by entering a value function in the feedback controller installed on
stream 4 (Se2Cly). This way, it is much easier to compare the final concentration of selenium in

stream 9 and calculate uptake and the percent recovery. The data entry is shown in Figure 4.10.

FEEDBACK CONTROLLER

FBC1 FBC2 | Notes |

VALUE FUNCTION for CONTROLLED/MEASURED VARIABLE _SET POINT:
APL expression for the current value of the set point variable.

VE |e34 VGLE sl

se 1 » Set Point
DB |0 Not used
SL h Proportionality Switch

» If VF increases with an increase in Controller Output, enter '1'.
If VF decreases with an increase in Controller Qutput, enter '~1'.

PID USED FOR DYNAMIC SIMULATION ONLY

co [ ~| PID Method

PROPORTIONALITY CONSTANTS: PID control, RKP _KI required, KD optional

KP I » Proportional gain
KI I » Integral tuning constant
KD I Derivative tuning constant

CONTROLLER TUNING PARAMETERS

EE [0.695458 [0 o - Controller Factors
PG [0.576467.[1.439433:[1.4399411 - Controller Outputs
PV [0.399999'(0.999646:[/0.999999° - Set Point Values

Figure 4. 10 Value function entered in the feedback controller on METSIM in order to control

the concentration of selenium present in selenium chloride before entering the reactor
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The value function “e34 VGLE s1” means concentration in gram per litre (g/L) of element 34
(which is selenium) in stream 1(the stream entering the reactor to mix with lignin), the range of

initial concentration of selenium was set between 50 mg/L and 1000 mg/L as shown in Table 4.1.

Table 4. 1Concentration of selenium recovered in the product stream compared to selenium con-

centration in the feed stream (C;).

Ci Ce Ci-Ce (mg/L)
(mg/L) (mg/L)

50 0.7 49.3
100 1.44 98.56
150 2.2 147.8
200 2.89 197.11
250 3.589 246.411
300 4.4 295.6
350 5.2 344.8
400 6 394
1000 200 800

The concentration of selenium recovered was plotted against the initial selenium concertation and

the results are shown in Figure 4.11.
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Figure 4. 11 The plotting of selenium concentration recovered against starting selenium concen-

tration

53



4.5 Solution pH

Controlling pH on METSIM is not very easy because of accuracy issues. One of the process con-

trols in METSIM is a pH set value; one issue with it is, HCI concertation does not change when

pH increases or decreases which is not realistic as it should vary. As a result, a feedforward con-

troller was installed on stream 2 (HCIl) instead; the main function of that feed flow controller was

to adjust the flow rate ratio of HCI and water, this way a change can be seen. The value function

entered is shown in Figure 4.12.

ON
CN
TY

ID
QP
SN
SP

FEEDFORWARD CONTROL adjusts stream flows so that certain ratios
are maintained between streams or components.

v iController On

|4 Control Loop Number

IFFC Controller Type: FRC, FFC, PSC, FBC

Controller description

Iwater flow rate control

|2 Unit operation

|2 *» Number of stream to be adjusted.

|<1+100) » Desired controller set point wvalue.
APL expression for the current value of the set point wvariasble.
[{VLPH s2)+(VLPH s3)

The control ratio may be a mole or mass ratio of streams, phases or
components. The only acceptable controlled variable is a stream flow
rate. The FFC is activated prior to execution of the unit operation.
The expression "must” be a ratio of a variasble in the adjusted stream
and another wvariable. The numerator must be directly proportional to
the flow of the adjusted stream.

Figure 4. 12 The manipulation of HCI % concentration through controlling the HCl/water ratio

in a feedforward controller
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No major change was seen in selenium % recovery; the change was rather in the selenium chloride
flow rate, at HCl: Water ratio of 1:100, the concertation of Se>Cl is at 0.99 g/L. On the other hand,
at HCI: Water ratio of 100:1, the Se>Cl concertation is 0.65 g/L, but again the % recovery of the
selenium at the end was the same, that might be due to several factors such as,
e Reaction rate: since a reaction rate of 99% is reached in the reactor, the pH effect on sele-
nium recovery might not be noticeable in the simulation but will 100% be seen in a lab.
e Lignin dose: since an optimum lignin dosage of 0.9 g/L is set in the simulation, again, it

contributes to the high selenium recovery.

The reasons mentioned above might explain why selenium recovery was not affected drastically
when the pH was controlled, which might contradict the findings of researchers such as Roberts et
al. (2015), where Gracililaria was used to adsorb selenite at 20 °C and a pH value of 4 was found

to be the best for a recovery rate of 98% [1].
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4.6 Biosorption Kkinetics

The obtained results from the kinetic studies performed on lignin for selenium adsorption are pre-

sented in Figure 4.13.
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Figure 4. 13 The plotting of uptake versus time at Se starting concentration of 100 mg/L

It is clearly indicated that at 25 °C, the adsorption reaction is very good, where 99% of (100mg/L)

selenium available in selenium monochloride solution are adsorbed in 12 hours.

Pseudo first order and Pseudo second order models were fitted and calculated on the results for
selenium biosorption on lignin. According to pseudo first and second order kinetic models, Egs.
4.1 and 4.2 are used for data analysis, respectively. By setting t=0 and t=t as boundary conditions
for the equations along with q=q. and integrating the linear forms of Eqs. 4.1 and 4.2, Eqgs. 4.3 and

4.4 are obtained respectively.

dq
dq
d_tt =k,(q, — qt)z PPN ) . 94
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kq
2.303

log(q. — q;) = logq, U UURRRY ./” I% J

In these equations, the rate constants of pseudo fist order and second orders are represented by ki
and k», and their unit is mg ppm'h"l. By subjecting the experimental data to Eqgs. 10 and 11, the
different parameters for pseudo first and second order kinetic models were obtained and are sum-
marized in Table 4.2. A sorption process operates via physisorption if the data fit pseudo first order
kinetics which means that diffusion is the rate limiting step instead of the reactant concentration
as with chemical reactions, if the data fit the pseudo second-order kinetics, on the other hand, then
that means that the rate controlling factor is the chemical reaction which means that this is chem-
isorption. As mentioned earlier in Section 4.1, the only temperature that worked for this model
was 25 °C. Also, the R? value of the pseudo second order reaction was closer to 1, which suggests

that this is a chemisorption process.

Table 4. 2 Summary of pseudo-first order and pseudo-second-order kinetic parameters calcu-

lated for this reaction.

Pseudo-first order kinetic Pseudo-second order kinetic model
model
Temperature e’ K (h') R? K, (mg ppm!' R? qe’
(K) h) x 10
298 98.4 0.2229 09169 0.0217 0.998 99
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Figure 4. 14 Pseudo first order plot of selenium adsorption on lignin using METSIM
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Figure 4. 15 Pseudo-second-order kinetics plots of selenium adsorption on lignin using

METSIM. Initial selenium concentration of 100mg/L
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Graphical data showing the pseudo-first-order linear fittings of Se adsorption by lignin can be

observed in Figures 4.14 and 4.15, respectively. R correlation coefficient fitting of the plots ob-
tained from the trendline was examined to gain insight into whether kinetic behavior of lignin

followed the pseudo-first or pseudo-second-order reaction. From Table 4.2, it can be observed that

pseudo-first-order fitting R2 value for the adsorption of Se was in the range of 0.9169 for the

various temperatures, while Se adsorption fitting values on pseudo-second-order reaction kinetics

was 0.998. These RZ values signify that in comparison to the behavior exhibited towards Se ad-
sorption on lignin is a better fit with the pseudo-second-order kinetic model. This information
assumes that the rate-limiting step of adsorption is due to chemisorption from valency forces via
electron exchange between lignin and selenium, which results in the best data correlation [53]. As
summarized in Table 4.3, the calculated and experimentally observed adsorption capacity at equi-
librium were very similar. Therefore, it can be concluded that the methods used to fit obtained

experimental data to the pseudo-second-order model are reliable.
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4.7 Activation energies of Se adsorption

Using rate constant K» calculated from the pseudo-second-order kinetic model, the energy of acti-
vation (Ea) for the adsorption of Se by lignin could be obtained using the Arrhenius equation
described in Section 2.6. By evaluating the pseudo-second-order rate constant K, against temper-

ature in kelvins (K), an Arrhenius plot was created, as displayed in Figure 4.16.

T (1/K)
0.00335 0.00336 0.00337 0.00338 0.00339 0.0034 0.00341 0.00342

3.4 3 A
-3.45
3.5 3
M -3.55 3
= 36 1
-3.65
3.7
-3.75
38 _ .'.‘__,....
-3.85 1 A
3.9 A

Figure 4. 16 Activation energy plot of K> value obtained from pseudo second order reaction

against 1/T in kelvin

From the calculations, it was determined that the corresponding Ea for Se adsorption was 9.45
kJ/mol, and the calculated Ea value was 9.49 kJ/mol. As the E4 required to indicate physisorption
is usually less than or equal to 4.3 kJ/mol, it can be deduced that the high activation energies
expressed by lignin for selenium adsorption is due to chemisorption and that the adsorption is

merely governed by chemical bonds and interactions beyond van der Waals forces
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4.8 Biosorption isotherm models

This section details the application of both the Langmuir and Freundlich adsorption isotherms to
the obtained simulation data of Se adsorption on lignin. The experimental adsorption data for the
recovery of Se are displayed in Figure 4.17. From the information in the experimental plot, we can
apply the linear forms of the Langmuir and Freundlich isotherm models which were expressed in
Section 2.6 as Eqs 2.2 and 2.4’, respectively. In doing so, we obtain the corresponding Eqs 4.5 and

4.6 for the linear Langmuir and Freundlich isotherm equations:

c 1 1
—= = + ST PU U OPRPRRERRRRRY .17 2~ A |

de AmaxKL Amax

log Q. = log K¢ +%log O PRSP .7 A 0]

by applying results from figure 4.17 to Eqs 4.5 and 4.6, experimental results can be fitted to the
Langmuir and Freundlich models to create Figure 4.18 and Figure 4.19. A summary of calculated
Langmuir parameters is also shown in Table 4.3.

Table 4. 3 Langmuir linear parameters calculated using excel and R? value.

Temperature (K) Langmuir equation (max® Qmax” R?

298 y = 0.0143-2e-06x 98.4 50000 0.7217

Table 4.3 confirmed that the experimental and calculated values of qmax were very different; there-
fore, one can assume that the method applied to experimental data with the linear Langmuir equa-

tion is not reliable, as the deviation between the theoretical gmax® and the experimental gmax® is very
high.

Similarly, as in the case of the fitting of kinetic rate equations, the adsorption behaviour of lignin
in terms of adsorption isotherm can be predicted with the obtained R? correlation coefficients. The
R? values found from the trendlines of both Langmuir and Freundlich isotherm are shown in Table

4.4.
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Table 4. 4 R’ coefficient of both the Langmuir and Freundlich isotherms.

Temperature (K) R? coefficient values
Langmuir Freundlich
298 0.727 0.9997

Based on the data obtained, R? coefficient of the Freundlich model was higher for Se adsorption
than for the Langmuir model. This information suggests that Se adsorbs on the surface of lignin in

a heterogeneous multilayer fashion.
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Figure 4. 17 Plot of uptake vs. initial selenium concentration of a range between 50 mg/L and

1000 mg/L
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Figure 4. 18 Langmuir Isotherm plot of selenium adsorption on lignin along with the linear equa-

tions developed using Excel

7 -
6 |
E ......‘.......A-...-.‘ A
5 E e ....‘...........*
. ..-...‘..... e
-
4|« ] R2 = 0.9997
- i
2 ;
1 ;
|
) | : 1 1.5 2
In Qe

Figure 4. 19 Freundlich Isotherm plot of selenium adsorption on lignin along with the linear

equations developed using Excel

63



4.9 Thermodynamic analysis of adsorption

During this research, it has been evident that the optimum and only operating temperature for this
simulation is 25 °C, and other parameters such as residence time and lignin dosage were the main
contributing factors to get 98.5% recovery. This phenomenon was further studied by conducting
a study on the thermodynamic behaviours of the biosorbent. In this section, the changes in Gibb’s
free energy (AG®), enthalpy (AH®) and entropy (AS°) were calculated using Eq. 2.6 mentioned in
Section 2.6. In addition, the following Eq. 4.7 was also used [63].

Y - 2 A

Where K} represents the equilibrium constant Cy. is the metal ions concentration on adsorbent at
equilibrium and C, is the metal concentration remaining in solution at equilibrium. As both Cie
and C. are measuring in mg/L, K; is unitless. It should be noted that calculations made in this
thermodynamic analysis are based on assumptions that experimental conditions are in reference to
the standard state. By plotting In K; against 1/7 (where T represents temperature in kelvins) in what
is known as a Van’t Hoff plot, it is possible to calculate AH® and AS® by using Eq. 2.6 The obtained

Van’t Hoff linear plot and corresponding trendline equations are demonstrated in Fig 4.20.
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Thermodynamic data

y=27.18x - 87.922
R2=0.885 A A

3.35 3.4 3.45
/T x 1000(K)

Figure 4. 20 Van’t Hoff plot of temperature

Using the trendline generated from the plot for Se, thermodynamic parameters were calculated and
summarized in Table 4.5. The obtained AG® was revealed to be negative for Se adsorption, indi-
cating that the adsorption process is spontaneous in nature. Negative AS® signifies that the ran-
domness of the system during the adsorption process decreases. This decrease in entropy may be
due to the less amount of open space in solution as adsorption proceeds, thereby decreasing the
number of configurations that residual metal ions can exist in the space. Finally, the negative AH®
confirms the trend previously observed that increasing temperatures decreases adsorption effi-

ciency, explaining that the adsorption for Se by lignin is an exothermic process.
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Table 4. 5 Enthalpy, Entropy and Gibbs free energy of the adsorption reaction.

T K. AG°(kJmol') AS°(kJmol'K') AH°(J mol') R?
(K)

298 684 -10.48 -730.98 -225.97 0.885

4.10 Adsorption of other chloride forms

As mentioned in Section 3.9, there are 3 chloride forms of selenium; they are Se>Cl,, SeCl> and
SeCly. In order to test if this model works or not, all three chloride forms have to be entered in the

simulation separately.

Yen Ning Lee (2018) developed a novel biosorbent from wood bark by immobilizing it with di-
thiooxamide. This biosorbent was able to recover platinum and palladium with a recovery rate of
99% and 97%, respectively. As a result, a metal coadsorption test was performed where 50% of
selenium was recovered at 25 °C as shown in Figure 4.3 in Section 4.1. The concentration of all
the elements present in the PLS are shown in Table 4.6 [69].

Table 4. 6 Elemental concentrations present in PLS solution [69]

Element Concentration Element Concentration

(ppm) (ppm)

Ag 25.7 Hg 07

Au 6.5 Ni 147

Pt 706.8 Pb 220

Pd 1816.5 Rh 4

cd 21 Se 1976

Co 3 Sn 4

Cu 10405 Te 55

Fe 8221 7n -
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As demonstrated in Table 4.6, the concentration of palladium and selenium are 1816.5 ppm and
1976 ppm, respectively, although the final selenium concentration present in the PLS after dilution
is not mentioned, the platinum concentration is mentioned as 44 ppm after dilution, the selenium
concentration can be assumed to be 47.8 ppm. By entering this concentration in the feedback con-

troller available in METSIM, the selenium species available in the PLS can be found.

4.11 Selenium dichloride (SeCl,)

To thoroughly compare the different forms of selenium, parameters like HCI concentration and
lignin dosage were kept at 0.39M and 1g/L respectively, similar to the numbers that Se>Cl, simu-
lation was run at. Figures 4.21 and 4.22 show the set concentration of selenium (0.048 g/L). Re-
covery could be calculated by two methods, either by the solid selenium concentration present in
the product stream as shown in Figures 4.23, which represents the amount of selenium that are
adsorbed on the lignin or by the aqueous selenium concentration (g/L) in the product stream which
represents the amount of selenium left in the solution after the adsorption reaction, as shown in

Figure 4.24.
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Figure 4. 21 Feed stream of SeCl> with a set concentration of 0.048, lignin concentration 1g/L
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FEEDBACK CONTROLLER

FBC1 FBC2 | Notes |

VALUE FUNCTION for CONTROLLED/MEASURED VARIABLE _SET POINT:
APL expression for the current value of the set point wvariable.

VE 234 VGLE sl

SP |0.048 » Set Point

DB |0 Not used
SL h Proportionality Switch

» If VF increases with an increase in Controller Output, enter '1'.
If VF decreases with an increase in Controller Output, enter '~1°'.
PID USED FOR DYNAMIC SIMULATION ONLY
co v| PID Method
PROPORTIONALITY CONSTANTS: PID control, KP _KI required, KD optional

KP | » Proportional gain
KI | » Integral tuning constant
KD | Derivative tuning constant

CONTROLLER TUNING PARAMETERS

EE |0.5292181[0 o - Controller Factors
PG [0.090708./0.090707:/0.030707: - Controller Outputs
PV [0.048000/0.0479991/0.047999' - Set Point Values

oK I Cancel I Help |

Figure 4. 22 Value function entered in feedback controller installed on stream 8 (feed stream) set

point value at 0.048g/L
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Figure 4. 23 Aqueous components in the product stream, where selenium left in the solution can

be found in g/L
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Figure 4. 24 Solid selenium recovered from the solution in the product stream (in a laboratory, it

would be bonded to the lignin)

Since the selenium concentration in the product stream was 0.02156 g/L, the selenium recovery

rate is 45% as shown in both Figures 4.23 and 4.24.
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4.12 Selenium tetrachloride (SeCly)

Similar to the case of SeCl,, the simulation was run at 0.048g/L of selenium as shown in Figure
4.27, while parameters such as HCI concentration and lignin dosage were unchanged. The chemi-
cal reaction between the selenium tetrachloride and lignin was entered as shown in Fig 4.25. Again,
recovery could be calculated by either, dividing the solid selenium concentration present in the
product stream by the original selenium concertation in the feed stream (0.048 g/L) as shown in
Figures 4.28, which represents the amount of selenium that are adsorbed on the lignin, or, sub-
tracting the original selenium concertation in the feed stream (0.048 g/L) by the aqueous selenium
concentration (g/L) in the product stream which represents the amount of selenium left in the so-
lution after the adsorption reaction and dividing the answer by the original selenium concertation

in the feed stream (0.048 g/L), as shown in Figure 4.26.
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Figure 4. 28 Solid selenium recovered from the solution in the product stream (in a laboratory, it

would be bonded to the lignin)

As shown in Figure 4.28, the final solid selenium concentration in the product stream is 0.0191157,
which means that 1g/L of lignin can recover 40% of selenium from SeCls. From the data shown
above in both Sections 4.11 and 4.12, we can conclude that the chloride from which was present
in Yan Ning Lee's (2018) research work is SeCl: as it had a similar recovery rate under the same

conditions.
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CHAPTER 5: Conclusions and Recommendations

5.1 Summary of research and obtained results

The research work herein examined the adsorption process of selenium (Se) using lignin; METSIM
was used as a simulation software due to its versatility and its ability to add new components with
ease. The chloride species chosen for this research was selenium monochloride (Se>Cl»), the reason
being that this is the form of selenium found in pregnant leach solution with the highest probability;
also, since the ratio of selenium ions and chloride ions is 1:1, then the competition between the

two ions would not be as high as in the case of SeCl> and SeCls.

Lignin was the only component not available on METSIM; to be able to add it, the thermodynamic
data of lignin are crucial for METSIM to perform the mass and heat balances of this adsorption
reaction. The enthalpy, Gibbs free energy and heat capacity were plotted in excel; a polynomial

function was then created and then entered into the software.

Solid-liquid ratio experiments concluded that the optimal dosage for lignin was revealed to be at a
0.9 S/L ratio. Adsorption kinetic studies explained that the rate of adsorption followed a pseudo-
second order model in the adsorption of Se. Adsorption isotherm studies also suggest that adsorp-
tion of Se follows a multilayer Freundlich model. The activation energy for the adsorption process
of Se was calculated to be 9.49 kj/mol, signifying that the adsorption process progressed via chem-

isorption.

In terms of thermodynamics, the negative enthalpy change that lignin exhibits confirm that the
adsorption process in the adsorption reaction is exothermic. Meaning that the increasing tempera-

ture reduces the efficiency of the adsorption process.

A negative change in Gibbs free energy suggests that the Se adsorption is spontaneous in nature.
In accordance with the objectives established at the beginning of this thesis in Section 1.3, the
present work achieved in the creation, experimentation, and the analysis of biosorbents and their

effects in adsorbing Se from Se>Cla:
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1. A successful simulation was developed on METSIM for the adsorption of selenium on lignin

2. By altering different factors such as temperature, pH or adsorbent dosage, the efficiency of
lignin was examined, and optimal conditions were found.

3. The fitting of lignin adsorption results in pseudo-first and pseudo-second order kinetic mod-
els, Langmuir and Freundlich adsorption isotherm models, and the subsequent determination
of EA, AG®°, AH®, and AS°.

4. The model was proven to be efficient as it was able to achieve similar results to laboratory

results.

Overall, this research work successfully developed an alternative clean method for the recovery of
selenium which is potentially more cost-effective and environmentally friendly. The implications
of the obtained results suggest that lignin coming from biomass, which is considered a waste prod-
uct, may generate financial gain recuperated in the extraction of metal recycling industry by cost-
effectively and efficiently extracting Se from Se>Clz using a studied component found in almost

all plants; therefore, most biomass.

To prove that the simulation is comparable to real-life data, the simulation was run using the 3
different chloride forms of selenium Se>Clz, SeClz, and SeCly. It was proven that the selenium chlo-
ride species that was present in Yen Ning Lees thesis was selenium dichloride (SeClz) since the
recovery rate in her research work was 50% and the recovery rate using METSIM was 45% as

opposed to 98.07% in the case of Se2Clz, and 40% in the case of SeCla.

5.2 Challenges encountered in the present research

Although useful results were obtained from the research and an effective method was successfully
developed, the present research work was not without difficulties. In this section, some challenges

which were encountered during this research will be discussed.
The corona virus has impacted everyone. Governments all over the world have taken safety

measures to prevent its spread; due to this current situation, the University of Saskatchewan has

transitioned to online learning since March of 2020 and as a result, research work that requires to
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be done in a laboratory was suspended. Simulation and computer modelling were the best option

for most graduate students to be able to progress in their research work remotely.

The original proposal was about the biosorption of selenium from pregnant leach solution using
different types of biomasses such as wood bark, wheat straw or canola mill. The idea was to treat
those different biomasses with different chemical compounds such as ethylenimine and dithioox-
amide and observe how efficient they would be on adsorbing elemental selenium. The pregnant
leach solution was going to be provided by Asahi refining company, a mining company located in
Ontario, but due to the heavy corona virus measures implemented by the Ontario government, it
was very difficult to receive the solutions any time soon. For these reasons, the use of simulation

software was the best option to proceed with this research work.

Also, the few research work done on thermodynamic data on different biomass made it very diffi-
cult to find the thermodynamic data of other chemical structures found in biomass such as cellulose

or hemicellulose or even modify the already available structure with other chemicals.

The model building took the most time as there was almost no extensive simulation work done on
metal recovery using biosorption which required more time to get everything right and be able to

compare it to other studies done in the laboratory.

It has been acknowledged that the obtained adsorption efficiency for Se adsorption might not be
100% accurate since METSIM takes reaction rate into account, manipulating it to get the highest
recovery might have affected the accuracy of other factors, as a result, higher or lower dosage of

lignin might be needed in a real-life depiction of this study.

Due to the novel nature of the current research work in which Se were extracted from Se,Cly, there
were very few studies that were similar enough to make a direct comparison of results with. Ad-
ditionally, lignin composition is different from one plant species to another. The lignin used in
METSIM was theoretical. It was assumed to be pure, meaning the impurity profile of real plant

species might affect the recovery due to interference between impurities or other components.
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5.3 Recommendations for future works

For further studies regarding lignin, the exact lignin content present in the biomass should be ob-
served and recorded in terms of percentage. This testing will help understand whether lignin is the

only significant component in adsorption or not.

To determine whether the biosorbent will have real potential application on an industrial scale,
physical research should be done on the desorption and recycling of lignin should be performed.
Furthermore, the study of selenium yield obtained from start to finish of the adsorption process

should be conducted.

Studies on different selenium species could be conducted to understand the real effect of other ions
on lignin efficiency during adsorption; also, the two most common liquids found in pregnant leach
solution (from metal refineries) are chlorides and nitrites, an extensive study on nitrite forms could
help understand how effective lignin would be as an adsorbent. In addition to the suggested work,
it is advisable that a feasibility study and techno-economic analysis could be conducted to gain

insight on whether the novel adsorbent is economically sound or not.

Finally, scale-up tests should be conducted on this process to understand whether lignin would be

suitable as an adsorbent at an industrial scale or not.
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