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The presence of selenocyanate species in some specific industrial wastewaters pose risk to 

human and animal health. Considering this, the present work investigated the removal of 

aqueous phase selenocyanate using different iron-based systems including Fenton/Photo-

Fenton (PF) process, 2 Line Ferrihydrite (2LFh), and Fe(III)/SiO2 binary oxide system. The 

results showed that Fenton process was efficient with about 90% selenocyanate removal 

achieved at 360 min at pH 4. However, the use of photo-Fenton process showed 

comparatively reduced selenocyanate removal. The surface characterization of 2LFh and 

Fe(III)/SiO2 solids was also completed with XRD and ATR-FTIR techniques. The XRD 

findings indicated both 2LFh and Fe(III)/SiO2 to be amorphous, and ATR-FTIR results 

showed several Fe and O-based surface groups. Furthermore, selenocyanate adsorption 

onto 2LFh and Fe(III)/SiO2 was also explored. The adsorption capacity of 2LFh and 

Fe(III)/SiO2 for selenocyanate were about 3 and 2.65 mg/g, respectively. In addition, it was 

noted that the results of selenocyanate adsorption onto 2LFh better fitted to the Langmuir 

model isotherm, whereas those for Fe(III)/SiO2 better fitted to the Freundlich model 

isotherm. The qe/Ce results for respective Fe-adsorbents also supported the above 

mentioned results, i.e., a plateau was noted for 2LFh system, whereas the Fe(III)/SiO2 
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showed an increasing qe/Ce trend. This work was further extended to examine the 

selenocyanate removal using TiO2-based system photocatalysis followed by the adsorption 

of released Se-species by 2LFh or Fe(III)/SiO2 system. In this regard, PCD process using 

TiO2 initiated the selenocyanate complex degradation with selenite and selenate species 

formed over 360-min reaction time. The results from the mixed TiO2 photocatalysis and 

2LFh adsorption showed that the combination of the two systems though efficient, but was 

affected by process variables including pH. Complete selenium removal was achieved at 

pH 5, whereas the removal decreased significantly with an increase in pH to 9. This was 

attributed to lower degradation of selenocyanate at higher pH during photocatalysis. 

Furthermore, the response surface methodology (RSM)-based models also showed that the 

RSM approach can be used to predict aqueous phase selenocyanate removal under a 

varying set of operational conditions. A similar trend was also observed for TiO2 and 

Fe(III)/SiO2 system. In general, the present work showed successful removal of 

selenocyanate species from aqueous phase under varying set of process conditions using 

several Fe-based systems. 
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 ملخص الرسالة

 سامح عبدالفتاح عربي احمد  الاسم الكامل:
 

 مركب السيلينوينات باستخدام مركبات الحديد المختلفةمعالجة مياة الصرف من  عنوان الرسالة:
 

 الهندسة المدنية  التخصص:
 

 2017 مايو تاريخ الدرجة العلمية:

في مياة الصرف الناتجة من عمليات تكرير البترول وصناعات التعدين  SeCN)-(إن وجود مركبات السيلينوسيانات 

تشكل خطرا كبيرا علي حياة الانسان والحيوان. اخذا هذا بعين الاعتبار, فإن هذا البحث يعمد الي معالجة مياة الصرف 

و  2LFhالحديد و مركبات  Fenton-Fenton/Photoمن هذه المركبات بستخدام مركبات الحدد المختلفة مثل عملية 

2Fe(III)/SiO نتايئج البحث اظهرت ان استخدام عملية .Fenton  تؤثر تأثيرا كبيرا علي عملية المعالجة حيث تم

هرت عدم فعاليتها. من ناحية اخري, اظ Fenton-Photo, في حين ان استخدام عملية  %90معالجه مياة الصرف بنسة 

لتعين بعض خواص هذه  FTIRو  XRDوتم استخدام تقنيات  2Fe(III)/SiOو  2LFhمن مركب  تم حضير كلا

وان هناك بعض  amorphousالمواد. اتضح من نتائج هذه الاختبارت انهما مواد غير منتظمة ترتيب الذرات 

لمعالجة مياه  2Fe(III)/SiOو  2LFhفي هذا البحث ايضا تم استخدام مركبات اسطح العينات. عند  OHمجموعات 

عن طريق امتزازها علي اسطح مركبات الحديد المذكوة. وعلي هذا فإن النتائج اظهرت  SeCN-الصرف من مركبات 

ولكن قابليتها ضعيفة جدا, حيث يصل اقصي سعة امتزاز لكلا  SeCN-قابلية مركبات الحديد السابق ذكرها لمركبات 

علي التوالي. وتم نمذجة عملية الامتزاز طبقا لنموزج  مجم/جم 2.65و  3الي  2Fe(III)/SiOو  2LFhمن 

Langmuir  وكذلكSecond order kinetics  2في حالة استخدامLFh هذا وقد تم ايضا استخدام عملية .

Photocatalysis  2معتمدة اولا علي استخدامTiO  لكسر الرابطة في مركب-SeCN  وتحويلها الي عنصر السيلينيوم

2-ومن ثم اكسدتها الي 
3SeO  2-ثم الي

4SeO 2. جمبا الي جمب تم استخدام مركبات الحديدLFh 2و اFe(III)/SiO 

لمعالجة مصادر السليلنوم المتكونة في مياة الصرف عن طريق ايضا امتزازها  Photocatalysisفي عملية  2TiOمع 

  بشكل كبير. SeCN-مذكورة. هذه التقنية ساعده كثيرا للتخلص من مركبات علي اسطح مركبات الحديد ال
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1 CHAPTER 1 

INTRODUCTION 

Selenium is considered as an intrinsic micronutrient for human and other living organisms’ 

growth. In contrast, at high concentrations, selenium species show toxic behavior both for 

human and other life forms. Skin diseases, defects in gastrointestinal system, central 

nervous system damage, etc., are attributed to presence of high selenium concentrations 

[1]. Due to its high toxicity, the World Health Organization (WHO) guideline of 10 μg L−1 

for selenium in drinking water has been adopted in many countries. Furthermore, other 

countries have taken into consideration the regulation limits of U. S. EPA of 50 ppb for 

drinking water whereas the Se discharge limit is 5 ppb [2]. Selenium is widely distributed 

in soils and natural waters resources through variety of species that are linked by many 

biogeochemical transformation reactions [3]. In natural environment, selenium usually 

occurs in one of four oxidation forms including Se(VI), Se(IV), Se(0) and Se(-II). 

Oxyanions selenite (SeO3
2-) and selenate (SeO4

2-) are usually found in oxidized systems, 

while Se(0) and Se(-II) appear in anaerobic zones and unweathered mineral formations. A 

special attention has been given to selenium removal from water bodies because of its 

toxicity. Some refinery and mining wastewater generated from processing oil or minerals 

from seleniferous formations such as marine shales, contains high levels of selenocyanate 

(SeCN-), which poses a great risk to humans and the environment. As such, several 

remediation methods have been investigated to remove or decrease selenium species from 

polluted water. Previous studies proved that several selenium based species could be 

removed by adsorption techniques such as (activated carbons, carbon nano–tubes), 
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coagulation by ferric sulfate, nano–filtration, reverse osmosis, and advanced oxidation 

processes (AOPs) [4–10].  

Classical Fenton-process has shown promising results in organic and inorganic 

contaminants removal from wastewater. Fenton process has several advantages, including 

minimum waste by-products, low operational temperature, use of a non-toxic chemical like 

H2O2, and convenient concentration of Fe(II). Classical Fenton-process has lot of 

applications in removal of contaminants from industrial wastewater, including drug 

(NSAID) ibuprofen (IBP), synthetic azo dyes, CI Basic Yellow 51, pesticides, leachates, 

nalidixic acid (NXA), and the removal of tartrazine [11–18].  

Other iron based systems have also been used for the remediation of selenium contaminated 

streams[19,20]. The efficiency of Fe(III)/SiO2 binary oxides system to decontaminate both 

selenite and selenate from synthetic wastewater has also been assessed. In another study, 

the use of ferrihydrite to adsorb selenate from the aqueous phase was noted to be useful 

[21]. The above given brief details along with more as given in the literature review section 

(Chapter 2) provide motivation to investigate the removal of selenocyanate from the 

synthetic wastewater using Fe based systems. For example, use of Fenton reaction for 

selenium removal has not been studied to the best of our knowledge. Also, there is no work 

on the treatment of selenocyanate using 2LFh. Hence, this work intends to investigate the 

efficiency of some Fe-based systems including, the classical Fenton-process (FP), Fe oxy-

hydroxides (2LFh), and Fe(III)/SiO2 binary oxide systems to remove selenocyanate from 

synthetic wastewater. The role Fe-species in these systems varies from an oxidizing agent 

(in case of FP) to simply an adsorbent (in case of 2LFh, etc.). The present work also intends 

to come up with system that can incorporate existing technologies such as TiO2-based 
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photocatalysis to destroy the selenocyanate complex, followed by uptake of produced 

selenium species (selenite and selenate) by Fe-based adsorbents such as 2LFh and 

Fe(III)/SiO2 binary oxide system. The application of iron combined system for the 

treatment of selenocyanate contaminated streams has not been reported, to the best of our 

knowledge. The results reported in chapter 5 are very encouraging, and we hope that 

outcomes will be beneficial for the remediation of respective wastewater streams.  
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Selenium occurrence 

Selenium, in low concentrations, is deemed as an intrinsic micronutrient for human health. 

However, it has been limited with an approximate range between (0 to <40 μg/day), and 

toxic range (>400 μg/day) [22]. Hence, it is critical to assess and determine the amount of 

selenium released into natural environment from sources like industrial wastes, agricultural 

effluents, and flue gas desulfurization processes [23]. Furthermore, effluents from oil 

refineries also contribute to selenium in surface water [24]. Selenium can present in both 

organic and inorganic forms, however, most extensive species are selenite (SeO3
2−) and 

selenate (SeO4
2−) [25], whereas selenocyanate is also noted in specific streams such as those 

from crude oil refining. Petroleum refinery process water containing approximately 6-7 

mg/L selenocyanate with pH 9.6 [26]. Also, other studies reported that wastewater contain 

about 5 mg/L as selenocyanate species at pH 7.8 [27,28]. The U.S. Environmental 

Protection Agency (EPA) has set 50 ppb selenium as acceptable in water bodies [29].  

2.2 Selenium Chemistry 

Selenium (Se) is a naturally occurring trace element noted in four conventional oxidation 

states (+VI, +IV, 0, and −II). In particular, both selenite (SeO3
2−)  and selenate (SeO4

2−) 

most common selenium species [30–32]. Figure 1 depicts the pourbaix diagram of 

selenium in water [33]. Selenium species like selenate can be presented in aqueous 

solutions in forms of biselenate (HSeO4
−) or selenate (SeO4

2−) with pKa of 1.8 [30]. It has 

low capacity of precipitation and adsorption as well as it is very soluble. Selenite also exists 
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in aqueous solutions as weak acid in forms of selenious acid (H2SeO3), biselenite (HSeO3−), 

with pKa of 2.70 ± 0.06 (H2SeO3/ HSeO3
−) and 8.54 ± 0.04 (HSeO3

−/SeO3
2−) [30].  

 

 
 

Figure 1 pE–pH diagram for the Se–O–H system at 298 K [28]. 
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2.3 Health Effects 

Selenium is an important trace nutrient for human beings and animals. In humans, selenium 

helps in the healthy functioning of several bio organisms such as the thyroid gland, and 

hence, lack of selenium can lead to potential diseases. However, research shows that a high 

concentration of selenium in natural environment may cause many problems [34,35]. 

According to National Institutes of Health, selenious may develop in concentrations greater 

than 400 micrograms per day, and the symptoms may include gastrointestinal disorders, 

hair loss, sloughing of nails, fatigue, irritability and neurological damage.  

The toxicity of selenium is not only related to its chemical similarity to sulfur and to its 

ability to be substituted during the assembly of proteins, but also to the oxidative stress 

[36]. Selenium species, particularly the inorganic ones, react with thiols and generate 

oxygen free radicals that account to selenium toxicity to cells [37]. Typically, inorganic 

selenium species are 40 times more toxic  than organic ones, with selenite species being 

more toxic than selenate [38,39]. Recommended dietary allowance dose is 55 μg/d 

(according to U.S. Food and Nutrition Board of the Institute of Medicine) and tolerable 

upper intake level for adults is 400 μg/d in the USA and 300 μg/d in Europe[38–40]. 

2.4 Principles of Advanced Oxidation Processes (AOPs) 

AOPs are oxidative processes, which have been used for pollution control. Typically, they 

show positive results for contaminants removal from wastewater via the generation of 

highly oxidative species such as hydroxyl radicals (•OH) that have the capability to oxidize 

the wastewater pollutants. AOPs include homogeneous or heterogeneous system with 

irradiated or dark conditions [66–68]. Recently, a great attention has also been paid to 
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photocatalysis and photo-Fenton (Fe(II)/H2O2/UV) advance oxidation processes since they 

show high capability to oxidize several contaminants in aqueous solutions. 

2.4.1 Photo-Fenton Process (PF) 

PF process is one of AOPs that uses Fe(II) species serving and H2O2 as an oxidant in the 

presence of the UV radiation to enhance the oxidation process. It is considered an efficient 

technique to remediate wastewater [46,47]. The PF process includes classical Fenton 

reaction and PF process as given bellow [48,49], 

1. During the classical Fenton reaction, hydroxyl radicals are produced by reaction 

between H2O2 and iron species (Fe(II)) at low pH conditions (acidic solutions), as 

following,  

Fe2+ + H2O2 → Fe3+ + HO− + HO• (1) 

2. Sequentially, Fe(II) is reproduced according to equations  (2 and  (3,  

Fe3+ + H2O2 ↔ Fe − OOH2+ + H+  (2) 

Fe − OOH2+ → Fe2+ + HO2               
•   (3) 

3. Photo-sensitized reaction for PF process are also given below,  

Fe(OH)2+ + h𝑣 → Fe2+ + HO• (4) 

Fe2+ + H2O2 → Fe(OH)2+ + HO• (5) 

Hence, the regenerative PF reaction is supported to be more efficient and economical. 
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2.5 Selenium removal from water phase       

Many methods with different concepts are used to remediate selenium species in 

water/wastewater. The most common ways are biological treatments, adsorption, 

precipitation, oxidation, and reduction. 

2.5.1 Removal of Selenium Species Using Photocatalysis Techniques 

Photocatalysis techniques have shown to be efficient for wastewater treatment. Vohra 

(2015) [50] investigated the destruction of selenocyanate complex using TiO2 assisted 

photocatalyst. The effect of UV lamp only and the addition of TiO2 on the removal process 

was examined. Using only UV lamp did not show SeCN– removal along 2-hr experiment 

period. However, with addition of TiO2, the selenocyanate complex was broken down and 

released elemental selenium was oxidized to selenite (SeO3
2-), which decreased gradually 

because of its adsorption onto TiO2 surface and its conversion to selenate ion (SeO4
2-).  

Tan et al., (2003-a) [51] explored selenate and selenite photocatalytic reduction over UV-

illuminated TiO2. The influence of different organic hole scavengers, formic acid, acetic 

acid, methanol, ethanol, sucrose and salicylic acid, on the process was investigated. Only 

the three organic compounds, formic acid, methanol, and ethanol were efficient for 

photoreduction of Se ions. The most rapid was formic acid, and the slowest was ethanol. 

This could be attributed to their capability to generate reducing radicals. In case of formic 

acid, selenate (VI) and selenite (IV) efficient photoreduction was noted at pH 3.5 and 4.0 

values.  

Tan et al., (2003-b) [52] compared unmodified TiO2 and nano-Ag particles modified 

onTiO2 (Ag-TiO2) as photocatalyst for photocatalytic reduction of selenate (VI) ions. 
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Significant selenium species reduction i.e., Se (VI) to Se2-, was reported. Furthermore, 

nano-Ag particles introduced a simultaneous Se (VI) reduction with hydrogen selenide 

production at ultimate reduction at 3.5 pH value with only 0.5 % Ag loading. 

 Wang et al., (2004) [53] investigated reduction of selenate species using an online 

UV/TiO2 photocatalysis reduction device (UV/TiO2– CRD). Sol–gel process was chosen 

to formulate nano-TiO2 covered onto a glass fiber surface. With the UV energy, significant 

selenate removal was accomplished. The results unveiled that removal efficiency of Se 

(VI) was enhanced to 53.3 % in the comparison with the old systems with KBH4 and HCl. 

Moreover, it was applicable for the detection of four different selenium species in synthetic 

aqueous solutions. Also, selenate (VI) removal using TiO2 assisted photocatalysis and 

HCOOH as an electron hole scavenger has been reported by Tsunenori et al., (2011) [54]. 

A synthetic wastewater simulating the wastewater of wet flue gas desulfurization (FGD) 

was prepared and exposed to the UV irradiation. The results revealed efficient removal of 

selenium species, and the photocatalytic reduction resulted in the precipitation of Se(0).  

Nevertheless, abundant HCOOH amount was required to attain efficient removal of Se(VI) 

from wastewater.  

Labaran and vohra, (2014) [55] assessed selenite and selenate species removal from 

synthetic wastewater using TiO2 as a photocatalyst together with a hole (h+) scavenger 

(EDTA). High selenium species removal was noted at pH of 4 and 6. Furthermore, use of 

thiocyanate as a potential hole scavenger did not show any selenate/selenite removal. In 

contrast, significant selenite and selenate removal was achieved when EDTA was 

employed as a hole scavenger. 
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2.5.2 Removal of Selenium Species Using Iron Base Systems 

Wasewar et al., (2009) [56] used ferric chloride (FeCl3) coated bagasse fly ash (BFA) in 

adsorption of selenium (Se4+) from the aqueous solutions. The study explained an inverse 

relationship between the adsorption of selenium and the initial pH values. It was confirmed 

to maintain the pH value between 2 and 3 to have more than 90% selenite removal at 20oC. 

In addition, 4 g/L BFA was optimum yielding about 91% selenite removal [56]. 

Because of their large specific surface area, the oxide of aluminum, iron, and silica are also 

used for the remediation of multiple contaminants from the aqueous solution [19]. Chan et 

al., (2009) [20] assessed the efficiency of the mix of Al3+ or Fe(III) binary oxides systems 

and the silica noncrystalline SiO2 to remove selenite (SeO3
2-) and selenate (SeO4

2-) from 

synthetic wastewater. They elucidated the reaction mechanism happening between the 

selenium species and the adsorbent surfaces at pH 5. Typically, Fe(III)/SiO2 showed near 

complete selenite adsorption and around 60% selenate removal. Nonetheless, the selenite 

adsorption on the Al(III)/SiO2 surface was embodied with low removal efficiency, but it 

showed high affinity to adsorb selenate anion even more than Fe(III)/SiO2. However, the 

results revealed high selenite/selenate adsorption capacity on the surfaces of Al(III)/SiO2 

more than on Fe(III)/ SiO2. 

Das et al., (2013) [21] completed a comparison study between three iron species 2LFh, 

goethite, and lepidocrocite for selenate adsorption from the aqueous solutions at near to pH 

7. 2LFh showed 34% selenate removal with only 0.1 g/L solid concentration. In sharp 

contrast, both goethite & lepidocrocite showed no considerable selenate removal. Also, 4 

g/L 2LFh was enough to completely remove selenate species, whereas about 91% selenate 
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was adsorbed onto100 g/L of goethite or lepidocrocite. Thus, 2LFh was noted to be most 

effective and efficient selenate adsorbent among the mentioned iron oxy-hydroxides. 

Meng et al., (2002) [27] investigated use of zero valent iron (ZVI) for selenocyanate 

reduction to elemental selenium, which in turn could be precipitated. The study revealed a 

relationship between pH values and both ZVI amount and selenocyanate concentration. At 

acidic pH values, the ZVI particles efficiently initiated the reduction of selenocyanate to 

elemental state. A 3-hr mixing time was sufficient to gain more than 97% selenocyanate 

removal at pH 5.5.  

Zhang et al., (2005) [57] examined zero-valent iron (ZVI) to remove selenate from 

contaminated streams in the presence of arsenate and molybdate. The results showed 

arsenate disappearance along As(V) concentration range, which disappeared in 16-hr 

reaction time. However, the selenate species took 31 hr to be removed. However, the 

authors reported about 73% molybdate removal in 16-hr reaction time with 78% selenate 

removal, showing negative molybdate influence on selenate removal. The study suggested 

selenate reduction to selenite, which in turn was rapidly adsorbed onto produced Fe 

oxyhydroxes (FeOH). 

Use of zero-valent iron nanoparticles (Nano Fe0) was also demonstrated for the removal of 

selenium species (Se(VI)). Fe(0) was compared to 100 mesh Fe(0) for selenate removal at 

pH 8.0. The results revealed higher selenate species uptake with the iron nanoparticles at 

0.10 molar ratio of (Se:Fe). Furthermore, the reaction kinetics for selenate uptake using 

nano-ZVI showed four times improvement (more than the traditional ZVI), which are 

attributed to its higher specific surface area. Langmuir adsorption isotherm showed 
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selenium species uptake capacity of 1.75 mmol/g (Se/Fe(0)). On the other hand, 50% 

selenate removal was obtained in 2 hr using the normal ZVI. The selenate depletion was 

ascribed to its reduction to selenide species (Se(-II)), which precipitates combined with 

some iron(0) corrosion products such as magnetite (Fe3O4) and Fe(III) oxyhydroxide [58].  

Liang et al., (2013) [59] performed selenite removal attempt as a function of pH using ZVI 

system. They also discussed in details the removal mechanism. It was indicated that about 

98% selenite removal was generally achieved in 2hr along pH range between 4 and 7 with 

only 1-g/L of solids. No significant selenite removal was noted at pH 8.0 within 24 hr. The 

selenite specific removal rate as investigated by Johnson et al., (1996) was determined 

using a pseudo-first-order kinetic model. It showed a significant decrease in specific rate 

constants of selenite removal from 92.87 to 6.87 (L/h.m2) with an increase in pH value 

from 4.0 to 7.0. In addition, the study explained the Oxidation Reduction Potential (ORP) 

change, which reduced from +158 to -541mV at pH 4.0 and from +413 to -212 mV at pH 

7.0 during the period of the complete selenium species removal. In contrast, after achieving 

the complete removal, it showed an obvious increase to +90, and +124mV within 24hr. 

However, the ORP of the selenite removal remained constant at pH 8.0. Typically, the 

results confirmed the negative effect of high pH values on the selenium species depletion. 

Also, the ORP drop was essential to remove the selenite species from aqueous solutions 

using a ZVI system, the variation of ORP was considered as an indication of the reaction 

between selenite and ZVI. In this regard, a positive correlation between the selenite 

reduction rate and the generation rate of iron (II) indicated critical role of Fe(II) in Se(IV) 

removal by ZVI. The Fe(II) produced is the main reason for the drop in the reaction ORP 

playing as an electron generation source required for the selenite reduction to elemental 
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selenium. Iron(II) species were adsorbed onto the ZVI surfaces, and iron (III) was formed. 

In brief, the removal Se(IV) was initiated by its adsorption followed by its reduction to 

elemental selenium. 

Liang et al., (2014) [60] demonstrated the role of weak magnetic field (WMF) in the 

enhancement of selenite depletion by ZVI. Complete selenite removal was obtained at pH 

4 in 15 min using WMF, while almost no selenite removal was introduced at pH ≥ 7 in the 

absence of WMF. The presence of WMF caused a sharp decrease in the Oxidation 

Reduction Potential (ORP) of ZVI system and then allowed the Fe(II) ions to release 

rapidly at different pH values, so it improved significantly the selenite removal where about 

97.5% Se(IV) removal was achieved in 3hr at pH 7. In the absence of WMF, the removal 

of low selenite concentrations using only ZVI faced the problem of formation of passive 

layer on the ZVI system and then took long time to be removed comparing to higher 

selenite concentration. On the other side, the application of WMF showed remarkable 

results. Typically, it promoted the electron transfer though the passive layer due to 

increasing the Fe(II) release reducing the selenite life time compared to their counterparts 

in case of no WMF. 

Tang et al., (2014) [61] examined the ferrous aqueous phase and corrosion products were 

in the reduction process of selenate ion using ZVI. The Fe(II) showed effective selenate 

removal up to 100% removal in 7 hr when it was added initially. It was also reported that 

Fe(II) was gradually consumed by the selenium species during the removal process until it 

was stable while selenate continuously decreased. The characterization experiments 

showed that the selenate removal was a step-by-step reduction to selenite and elemental 

selenium with time. The ZVI system played as the major electron donor for the selenate 
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reduction where the ferrous species facilitated and improved the passive layer of the iron 

coating. Finally, the iron corrosion products were media for electron transfer and reactive 

interfaces for selenium adsorption and reduction.   

Also, in an extension study for the previous work, the effect of both Mn2+ and Co2+ 

combined with the ZVI system on the selenate removal was reported [62]. The effect of 

ZVI alone on the selenate removal as mentioned the previous study was around 4%. 

However, selenate species was completely depleted in 3hr with 50 g/L ZVI and 1.0 M Co2+ 

added initially. The use of Co2+ only showed no improved selenate depletion. Therefore, 

the combined Co2+ and ZVI synergistic was the main reason for the noted selenate 

reduction to the selenite due to the promotion of ZVI oxidative dissolution. In brief, the 

result evaluated that the cobalt ion contributed around 69% electrons required for selenate 

reduction. Similarly, manganese ion (Mn2+) significantly assisted in the selenate reduction 

but not like the cobalt ion. It provided about 30% of electrons for the reduction of selenate 

in two steps, reduction to selenite and elemental selenium.  

Another research explained the removal of selenate species using a combination of 

magnetite and iron (II) with zero-valent iron [63]. This combination creates the so-called 

by hybridized zero-valent iron (ZVI) system (hZVI). The use of magnetite and Fe (II) 

prevented the surface passivation of ZVI and increased the ZVI reactivity in terms of 

selenate reduction. The selenate removal was introduced in 90-min reaction. However, 

selenate took about 450 min to be removed in case of no precondition duration. The study 

showed the significance of precondition of (ZVI/Fe3O4/Fe(II)) in augmentation of the 

selenium removal in the first 24 hr. Also as Tang et al., (2014) [61] previously mentioned, 

removal of selenate consumed Fe(II) rapidly till its complete removal showing main role 
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of Fe(II) in the removal mechanism, and its combination with the magnetite increased 

significantly the removal of selenate. 

Additionally, the application of zero-valent iron and ultrasound combination has been 

investigated for the removal of selenite (SeO3
2-) species from wastewater [64]. The using 

of only ultrasonic condition showed no significant selenium removal. Nevertheless, about 

50% of 10 mg/L selenite was removed using the ZVI in the presence of ultrasound 

irradiation at acidic conditions. The slight removal was attributed to the reduction of 

selenite species to elemental selenium, which precipitates, by ZVI-ultrasound combination. 

The study attributed this to higher hydroxyl radicals, which could be generated at low pH 

due to Fenton reaction caused because of the ultrasound radiation. As a result, selenite ion 

was oxidized to selenate species, and both were eventually reduced to elemental selenium.  

Similarly, the effect of iron (II) species amount on the selenate reduction using ZVI has 

been investigated [65].  About 50% selenate removal was achieved at pH 6 in 10 hr. 

However, the addition of iron(II) enhanced the selenate removal up to 100% using ZVI-

Fe(II) combination. Moreover, the effect of anoxic conditions on the removal process was 

illustrated in this study; only about 20% selenate removal was obtained with adding 50 

mg/L Fe(II). Those outcomes evidently revealed that the anoxic conditions significantly 

decreased the kinetics of selenium species removal. 

Ling et al., (2015) [66] assessed the application of nanoscale zero-valent (nZVI) in the 

detoxification of selenite species from aqueous phase solutions. They revealed that 5 g/L 

nZVI was enough to completely removed 1.3 nM Se(IV) in 3-min reaction time. The 

selenium species Se(IV) was degraded by its reduction to elemental selenium due to 
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Se(IV)-Fe(0) reaction where the attraction of selenite species onto nZVI surface, showing 

nZVI affinity for selenium. 

In another study for selenium species removal, selenite and selenate adsorption using the 

iron(III)-modified natural zeolitic tuff (Fe-CLI) from the Serbian deposit Zlatokop were 

reported by Jevtic et al., (2014) [67]. In the beginning, zeolitic lattice with the negative 

charge showed no significant adsorption for both of selenite and selenate species. 

Therefore, it was investigated to alter its surface charge to get more affinity for the removal 

of selenate. In addition, the modified iron (III) species was applied as an adsorbent for the 

selenium anions showing that degradation of these species declined at higher pH values, 

which was attributed to competitive reaction between selenium species and the hydroxyl 

ions to bond at the Fe-CLI surface. It also showed higher affinity for selenite than selenate 

while the kinetics data following the pseudo-second-order model revealed higher selenate 

adsorption and desorption rates.  

Other iron species have also been used for the removal of selenium (IV) and (VI) from 

water phase systems. Wei et al., (2012) [68] examined the synthesized nano-magnetite as 

an adsorbent used for the aqueous phase selenite and selenate removal. About 50% removal 

of selenite was achieved in only 30-min contact time, followed by a decreased removal rate 

and then reaching to no remarkable selenium species removal after 24 hr when 5% of 100 

µg/L selenite was remaining using only 0.1 g/L of nano-magnetite at pH 4.0, demonstrating 

the best performance in selenite removal due to its large specific surface area compared to 

nano-iron and natural magnetite. However, the nano-iron showed the highest affinity for 

the selenate removal, attributing this to its powerful ability to covert selenate anion to 
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selenite, which is easy to be adsorbed. Finally, the ionic strength barely affected the selenite 

adsorption.  

2.5.3 Removal of Selenium Species Using Other Techniques 

A comparison study to examine each of lanthanum oxide, activated γ-alumina, and 

activated α-alumina to disinfect both selenite ion Se (IV) and arsenic using adsorption 

mechanism was studied by Davis & Misra (1997) [69]. The adsorption model embodied 

an evidence that lanthanum oxide has a great capacity to remove selenite species more than 

activated γ-alumina. 

Youwen et al., (2001) [70] evaluated the influence of Layered double hydroxides (LDHs) 

on the removal selenium species selenite and selenate. They assessed the adsorption 

mechanism on the surfaces of both Magnesium–aluminum (Mg2+/Al3+) and zinc–

aluminum (Zn2+/Al3+). The chloride salts (MgCl2, AlCl3, and ZnCl2) were chosen to 

prepare the adsorbents with mix of 2 to 4 for Mg/Al-(molar ratio) while the molar ratio of 

Zn/Al was 2. The authors reported a rapid selenite adsorption on the Mg/Al surface where 

60-min contact time was enough for 0.63 cmol/L selenite to get the quasi-equilibrium. It 

was indicated that the adsorbent species adsorbed selenite in rate more than selenate. In 

addition, Mg/Al mix was more effective than Zn/Al in the removal of selenium species, 

which were also affected by the molar ratio of each adsorbent. Also, the adsorption of 

selenium increased with a decrease in the respective molar ratio. 

The mechanisms of selenium species adsorption onto aluminum species have been studied 

by many researchers. Yamani et al., (2013) [71] examined the of selenite and selenate 

remediation using n-Al2O3 impregnated chitosan beads (AICB), which was produced from 
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nanocrystalline aluminum oxide. The adsorption results were also compared to the result 

from Nanocrystalline forms of titanium dioxide (n-TiO2), n-Al2O3 alone, and chitosan. It 

is indicated that 2 mg/L initial selenium concentration from each species removed 

completely using n-Al2O3 only with 30% more than n-TiO2. AICB showed high removal 

efficiency about 98% and 85 % for selenite and selenate respectively, with a significant 

selenium removal over a small pH range from 4.5 to 6. 

Manceau and Gallup (1997) [26] studied the removal of selenocyanate ion (SeCN-) from 

industrial wastewater using a set of complex reactions and also examined whether the 

removal results from the conversion of selenocyanate to elemental selenium. In this regard, 

they used sodium thiosulfate and sulfites to reduce cupric ions to cuprous ions, which 

promoted co-precipitation that generated Cu(S0.91Se0.09)CN(s). After filtration to 

remove the solid, caustic soda or sodium sulfide can be added to precipitate the excess 

copper. They also concluded that the efficiency of selenium removal with cupric ions could 

reach as high as 95%, when pH value was about 9. However, for more excess copper added, 

it became difficult to remove the excess copper. 

The above literature review shows use of different methods for the removal of several 

selenium species. Also, the use of FP process for the removal of selenocyanate is not 

explored. It is clear that though the 2LFh has been used for selenate adsorption however 

its use for selenocyanate removal is not investigated. Similarly, Fe(III)/SiO2 binary oxide 

system has also been investigated for the removal of selenate, but for selenocyanate 

removal is not studied. Though the TiO2-based photocatalysis has been employed for 

selenite, selenate, and selenocyanate removal, but the respective works indicate use of a 

hole scavenger added at a specific time specifically to ensure complete destruction of 
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selenocyanate complex by hydroxyl radicals before the addition of hole scavenger to avoid 

its competitive oxidation. The present work also considers use of above mentioned iron-

based systems i.e., under a varying set of conditions, and explore the use of both adsorption 

and mix of oxidation/adsorption based system to remove both the parent compound 

selenocyanate and Se-based reaction by products. The use of such mixed system, for the 

application has never been reported, to the best of our knowledge. 
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3 CHAPTER 3 

RESEARCH OBJECTIVES 

The fundamental aim of this research is to evaluate the efficiency of Fe-based systems 

along with advanced oxidation for the treatment of selenocyanate (SeCN−) contaminated 

aqueous streams. The specific Fe-based processes for selenocyanate removal will include 

the classical Fenton process, Photo-Fenton process, Fe oxy-hydroxide 2LFh, and 

Fe(III)/SiO2 binary oxides adsorption systems with TiO2 photocatalysis. The specific 

objectives include:  

1. To investigate the treatment of selenocyanate species using the classical 

Fenton/photo-Fenton processes. 

2. To investigate selenocyanate adsorption onto 2LFh under varying conditions, 

(pH, solids amount). 

3. To study use of 2LFh both without and with TiO2 photocatalysis for 

selenocyanate and associated Se-species removal via advanced oxidation and 

adsorption mixed system. 

4. To investigate selenocyanate adsorption onto Fe(III)/SiO2 under varying 

conditions, (pH, solids amount). 

5.  To study use of Fe(III)/SiO2 binary oxide system both without and with TiO2 

photocatalysis for selenocyanate and associated Se-species removal via 

advanced oxidation and adsorption mixed system. 



  

21 

 

4 CHAPTER 4                                                                   

RESEARCH METHODOLOGY  

4.1 Materials  

A variety of materials and equipment were used in the present work. Several high purity 

reagent grade quality chemicals were used including potassium selenocyanate KSeCN 

(ALDRICH, USA), sodium selenate Na2SeO4 (ALDRICH, USA), sodium selenite 

Na2SeO3 (ALDRICH, USA)  adisodium EDTA (FISHER, USA), hydrogen peroxide H2O2 

(30% w/w, F. Maia), ferrous sulphate FeSO4.7H2O (FISHER, USA), ferric chloride FeCl3 

(BDH,  England), TiO2 powder (P25, DEGUSSA, Germany), powder silica gel (63-200 

µm, ALDRICH, USA) NaHCO3 (BDH,  England), Na2CO3 (BDH,  England), liquid 

nitrogen, nitrogen gas, HCl (FISHER, USA), H2SO4 (FISHER, USA), HNO3 (FISHER, 

USA), NaOH (FISHER, USA), and pH calibration standards (FISHER, USA). 0.2 µm filter 

papers (Whatman, Germany) were also used 

4.2 Experimental setup and apparatus  

A pyrex-glass batch type reactor with dimensions of 7 cm diameter and 30 cm long and a 

15 W UV lamp (F15T8-BLB 15W, Sankyo Denki, Japan) with 315- 400 nm wavelength 

range (peak maximum at ~352) were used to run the photocatalytic experiments (Figure 

2). Furthermore, a 1000-mL glass beaker, titration equipment, FreeZone 4.5 Liter Benchtop 

Freeze Dry System (model 7750031, LABCONCO, USA) were used for 2LFh and 

Fe(III)/SiO2 solids preparation. ADX-2500 X-ray Diffraction and Perkin-Elmer 16PC FT-

IR spectrometer (USA) were used for material characterization. Atomic absorption 

spectrometer (AAnalyst™ 700 Perkin-Elmer, USA), and advanced ion chromatograph 
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equipment (IC 861, METROHM, Switzerland) were used for selenium species 

determination. 

4.3 Solution preparation 

High purity distilled water (CORNING Mega PureTM) system and the aforementioned 

reagent grade chemicals were used for preparing all the stock solutions. Finally, the 

solutions were covered with aluminum foil, to avoid any photoreaction. The prepared stock 

solutions were 1000 mg/L of selenocyanate, selenite, and selenate. As such, the stock 

solutions of hydrogen peroxide and the ferrous sulphate were also made with 

concentrations of 10,000 and 1,000 mg/L respectively. A 10,000 mg/L stock solution of 

EDTA was also used. 

4.4 Selenocyanate removal using Classical Fenton/Photo-Fenton 

experiments 

4.4.1 Experimental procedure  

In this section, the producer used for classical Fenton/PF experiments is explained. Firstly, 

1100 mL selenocyanate solution with desired concentration was prepared. Then, a 100-mL 

blank sample was taken from the solution to examine the initial selenium concentration. 

After that, the remaining 1,000 mL was transferred to the empty reactor (Figure 2). To 

make sure that there is no external light in the experiments, an aluminum foil was used to 

cover the glass reactor during the experiments. The pH of the mixed solution was adjusted 

to the desired value using HCl or NaOH solutions. Subsequently, 300 mg/L H2O2 and 

desired Fe(II) amounts were directly added to the solution in the reactor while the solution 

was mixed using a magnetic stirrer set up. A filtered sample was directly taken after adding 

the amount of Fe(II) and H2O2, at zero time. In case of PF experiments, a glass sleeve was 
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used to place the UV lamp (Sankyo Denki, Japan) at the center of the reactor that separates 

the UV lamp from the solution as illustrated in Figure 2. Thereafter, samples were taken 

after adding Fe(II) and H2O2, at varying time. As mentioned before, the Fenton experiments 

had the same procedure as photo-Fenton process but without the UV lamp. The procedure 

is also summarized in in Table 1. 

 

 

 

Figure 2 The layout of experimental reactor used for Fenton and Photo-Fenton expriment 
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Table 1 list of expeiments completed using classical Fenton/Photo-Fenton processes for 

selenocyanate removal 

 

Variable System 
Experimental 

Conditions 
Variation 

Effect of pH 

Selenocyanate + 

Fe(II)  

20 mg/L selenocyanate  

50 mg/L(Fe(II)) 

pH4 

pH 10 

Selenocyanate + 

UV Light + Fe(II) 

20 mg/L selenocyanate   

50 mg/L Fe(II) 

pH 4 

pH 10 

[Fenton process] 

Selenocyanate + 

Fe(II) + H2O2 

20 mg/L selenocyanate   

30 mg/L Fe(II)   

300 mg/L H2O2 

pH 4 

pH 6 

[PF process] 

Selenocyanate + 

Fe(II) + H2O2 + 

UV light 

20 mg/L selenocyanate  

30 mg/L Fe(II) 

300 mg/L H2O2 

pH 4 

pH 10 

Effect of Initial 

EDTA 

Concentration 

[PF process] 

Selenocyanate + 

Fe(II) + H2O2 + 

UV Light 

20 mg/L selenocyanate  

30 mg/L Fe(II)  

300 mg/L H2O2    

pH 4 

0 mg/LEDTA 

450 mg/LEDTA 

Effect of Initial 

Selenocyanate 

Concentration 

[Fenton process] 

Selenocyanate + 

Fe(II) + H2O2 

30 mg/L Fe(II)  

300mg/L H2O2  

 pH 4 

10 mg/L 

selenocyanate 

20 mg/L 

selenocyanate 

The effect of 

Fe(II) 

Concentration 

[Fenton process] 

Selenocyanate + 

Fe(II) + H2O2 

20 mg/L selenocyanate 

300 mg/L H2O2 

pH 4 

10 mg/L Fe(II) 

30 mg/L Fe(II) 

50 mg/L Fe(II) 
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4.5 Selenocyanate removal using 2LFh  

4.5.1 2LFh synthesis  

To synthesize 2LF, 500-mL of 0.2M of ferric chloride (FeCl3) was prepared in 1000-mL 

glass beaker. Moreover, NaOH with concentration of 1M was used to maintain pH value 

of 6.5 while the solution was stirring vigorously. The titration with NaOH was continued 

dropwise till reaching pH 7-8. Furthermore, the precipitate was then centrifuged at 2500 rpm 

five times. The precipitate was then washed with high purity water after each time of 

precipitate centrifugal to clean 2LFh precipitate from any chloride impurities. After that, 

the solids were quickly freeze dried using FreeZone 4.5 Liter Benchtop Freeze Dry System 

(model 7750031, LABCONCO, USA) and stored till further analysis in fridge [21,72,73]. 

 

Figure 3 Experimental set-up for  2LFh synthesis 
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4.5.2 2LFh solids characterization  

4.5.2.1 X-ray Diffraction (XRD) Identification  

 Generally, ferrihydrite is produced from rapid Fe(III) solutions hydrolysis. It can be 

identified by its crystallinity or the number of peaks in the XRD pattern. For instance, 2LFh 

shows two broad peaks. In the present work, ADX-2500 X-ray diffraction was used for 

XRD analysis. Diffraction pattern for 2LFh sample was obtained by a step scanning at 

1º/min step with an angular range of 2Ɵ from 10º to 80º. 

4.5.2.2 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-

FTIR) Spectroscopy 

The solid state infrared spectra were obtained using a Perkin Elmer 16F PC FTIR 

spectrometer using solid potassium bromide (KBr) pellets in a region of 650-4000 cm-1. In 

addition, resolution was 8, and number of scans were 32. 

4.5.3 Adsorption of aqueous phase selenocyanate onto 2LFh experimental 

procedure 

4.5.3.1 The effect of pH 

To obtain the optimum pH conditions, the pH adsorption study of selenocyanate, single 

solute system, was investigated using different selenocyanate concentrations, 5, 10, 20 

mg/L at pH range from 4 to 11. Procedure for adsorption experiments involves, adding 1-

g/L of the produced 2LFh to the previous solutions. After that, the solutions pH was 

adjusted to the desired value using NaOH and HCl solutions. The mixtures were 

continuously mixed for 96-hr equilibrium time at room temperature using a magnetic stirrer 

set up. In addition, the pH was measured every 24-hr reaction time till 96 hr to investigate 

if there was significant pH variation or not and the final pH was reported. Finally, each 
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sample was centrifuged at 3000 rpm and filtered using 0.2 µm filter paper. Table 2 

illustrates the experimental plan of selenocyanate adsorption using 2LFh.  

4.5.3.2 Effect of Adsorbent Dosage 

The effect of 2LFh amount onto selenocyanate uptake was also investigated. In this work, 

solutions of different selenocyanate concentration of 2.5, 10, 20, and 50 mg/L were 

prepared. Moreover, different 2LFh amounts of 1, 2, 3, and 5 g-L were in contact with the 

previous selenocyanate solution at pH 5 for 96-hr contact time.  

4.5.3.3 Effect of Initial Concentration 

The effect of concentration variation in the single and binary solute systems were also 

investigated. The optimum pH and contact time realized from pH-adsorption study were 

employed. Procedure for the adsorption experiments involve adding 3-g/L of 2LFh to 

solutions of different selenocyanate 2.5, 5, 10, 20, and 50 mg/L. It should be noted that all 

adsorption experiments were conducted in 125-mL Erlenmeyer flasks, and the system was 

kept in suspension using a magnetic stirrer set up and covered with aluminum foil. Details 

of the pollutants concentrations used, and other experimental parameters investigated are 

summarized in Table 2. 
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 Table 2 The plan of Studying of the selenocyanate adsorption onto 2LFh metal oxide. 

 

Variable System Experimental Conditions Variation 

Effect of pH 
2LFh + 

Selenocyanate 

1-g/L 2LFh,  

1- 5 mg/L selenocyanate 

2- 10 mg/L selenocyanate 

3- 20 mg/L selenocyanate 

pH 4 

pH 5 

pH 6 

pH 8 

pH 9 

pH 10 

pH 11 

Effect of 

Adsorbent 

Dosage 

2LFh + 

Selenocyanate 

 

1- 2.5 mg/L selenocyanate 

2- 10 mg/L selenocyanate 

3- 20 mg/L selenocyanate 

4- 50 mg/L selenocyanate 

pH 5 

1-g/L 2LFh 

2-g/L 2LFh 

3-g/L 2LFh 

5-g/L 2LFh 

Effect of 

Selenocyanate 

Concentration 

2LFh + 

Selenocyanate 

3-g/L 2LFh  

pH 5 

2.5 mg/L 

selenocyanate 

5 mg/L 

selenocyanate 

10 mg/L 

selenocyanate 

20 mg/L 

selenocyanate 

50 mg/L 

selenocyanate 
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4.5.4 Use of 2LFh in selenocyanate Photocatalytic removal  

4.5.4.1 UV-lamp light photocatalytic experimental procedure 

A 1000-mL Pyrex glass batch type reactor was utilized to perform UV-light photocatalytic 

experiments. Lay-out of the experimental set-up is shown in Figure 2. High purity water 

was used to prepare batch test solutions with the desired respective chemicals 

concentrations. For each experiment, a1100 mL of test solution was prepared, and then 

a100-mL sample was taken as a blank sample. After that, 1-g/L TiO2 was added to the 

remaining 1000 mL of each solution required for the selenocyanate complex destruction 

[50]. After this, the desired 2LFh amount was added to the mix solution. The system was 

kept in suspension using a magnetic stirrer set up, and initial pH was maintained to the 

desired value using NaOH and HCl solutions. In addition, this test solution was then 

transferred to the batch reactor shown in Figure 2, and was allowed to equilibrate for 30 

min. The test solution was exposed to the UV-light using a 15 W UV-lamp with wavelength 

~352 nm (F15T8-BLB 15W, Sankyo Denki, Japan), which was positioned at the reactor 

center and separated from the test solution using a glass sleeve. Samples were taken at 

different times. A sample was taken directly after adding both TiO2 and 2LFh directly. 

Another sample was taken after 30 min time and before turning on the UV lamp to 

investigate the initial selenocyanate removal. The PCD reactor was fully covered with 

aluminum foil during experiment to cut off external source. The UV lamp was then turned 

on and several samples were collected via sampling port at different time intervals from 0 

to 360 min. Additional samples were taken if deemed necessary. Experimental plan of 

using 2LFh in UV lamp light assisted photocatalysis is shown in Table 3. 

 



  

30 

 

Table 3 Plan of the use of 2LFh metal oxide in selenocyanate photocatalyic removal 

 

Variable System 
Experimental 

Conditions 
Variation 

Effect of pH 

UV-light + 

Selenocyanate  
20 mg/L selenocyanate  pH 5 

Selenocyanate + UV 

Light + 2LFh 

20 mg/L selenocyanate  

1-g/L 2LFh  
pH 5 

Selenocyanate + UV 

Light + TiO2 

20 mg/L selenocyanate  

1-g/L TiO2 

pH 5 

pH 9 

Selenocyanate + UV 

Light + TiO2 + 2LFh 

20 mg/L selenocyanate  

1-g/L TiO2  

1-gL 2LFh 

pH 5 

pH 9 

Selenocyanate + UV 

Light + TiO2 + 2LFh 

10 mg/L selenocyanate  

1-g/L TiO2  

1-gL 2LFh 

pH 5 

pH 9 

Effect of 2LFh 

amount  

Selenocyanate + UV 

Light + TiO2 + 2LFh 

20 mg/L selenocyanate  

1-g/L TiO2  

pH 7 

0.5-g/L 2LFh 

1.5-g/L 2LFh 

Effect of Initial 

Selenocyanate 

Concentration 

Selenocyanate + UV 

Light + TiO2 + 2LFh 

1-g/L TiO2  

pH 5 

10 mg/L 

selenocyanate 

20 mg/L 

selenocyanate 

1-g/L TiO2  

pH 9 

10 mg/L 

selenocyanate 

20 mg/L 

selenocyanate 
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4.5.4.2 Response Surface Methodology (RSM) 

The experimental design method adopted in this research for the use of 2LFh in 

selenocyanate photocatalytic removal was based on RSM techniques. Box-Behnken design 

(BBD), a three-level factorial design was employed for the experimental design and 

analysis. BBD design is usually described by a multidimensional cube with selected points 

at the mid of each edge, with a replicated center point [74]. In the present work, pH, 2LFh 

amount, and initial selenocyanate concentration were three independent factors that were 

examined in this design. Each factor was equally spaced. The pH factor was adopted to be 

5, 7, and 9. The 2LFh amount was 0.5, 1, and 1.5-g/L while the initial selenocyanate 

concentration was 10, 15, and 20 mg/L. A total number of 13 experimental runs were 

adopted with a single center point per block. Design-Expert software with a one-way 

analysis of variance was used to analyze the response (Total selenium removal after 360 

min) obtained. 
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4.6 Selenocyanate removal using binary oxide system Fe(III)/SiO2  

4.6.1 Fe(III)/SiO2 system synthesis  

Binary oxide system was synthesized using the combination between ferric chloride 

solution and powder silica gel. Powder silica gel was with BET specific surface area of 500 

m2/g. First, a 1000-mL of suspension 20-g/L SiO2 was purged under nitrogen gas for 24 

hr.  In addition, the silica suspension was mixed with 0.1 M ferric chloride solution, and 

then 1M of NaOH solution was used to bring the pH to 5 and was kept mixing using 

magnetic stirrer for 24 hr. After that, the mixed solution was centrifuged at 3000 rpm 4 

times and washed with distilled water between each centrifugal time. The precipitation was 

collected and quickly freeze dried using FreeZone 4.5 Liter Benchtop Freeze Dry System 

(model 7750031, LABCONCO, USA) and stored till further analysis in fridge [20]. 

4.6.2 Fe(III)/SiO2 solids characterization  

4.6.2.1 X-ray Diffraction (XRD) Identification and Fourier Transform Infra-

Red Spectroscopy (FTIR) 

This procedure was same as procedure in sections 4.5.2.1 and 4.5.2.2. 
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4.7 Analytical methods 

0.2- µm filter papers were used to filter the collected samples from the batch experiments. 

Total selenium remaining for all adsorption experiments was measured using an atomic 

absorption spectrometer (Perkin-Elmer AAnalyst™ 700, USA) equipped with selenium 

lamp, type electrode-less discharge lamp (EDL) and flame accessory. The lamp operation 

condition were 200 mA electric current, 196.0 nm wavelength, and a spectral bandwidth 

of 2.0 nm. The instrument was computer-controlled via WinLab32™ software. Calibration 

curve was constructed before each analysis using three selenium standards. Furthermore, 

SeCN-, SeO4
2-, and SeO3

2- species results were also obtained using an intelligent ion 

chromatograph (IC) set-up (Metrohm, Switzerland) equipped with a conductivity detector 

controlled by the MagIC NetTM software. The composition of eluent was the same as 

mentioned in [55]. The eluent flow was 1mM NaHCO3 and 3.2 mM Na2CO3 at1 ml/min. 
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5 CHAPTER 5                                                                                                        

RESULTS AND DISCUSSION   

5.1 Study of Classical Fenton/Photo-Fenton processes in selenocyanate 

Removal  

 We initially investigated use of Fe(II) only for selenocyanate removal both without and 

with UV light and respective results are given in Figure 4 and Figure 5, respectively. 

Results from experiments conducted at pH 4 and 10 indicate very small selenocyanate 

removal for both cases, indicating little role of Fe(II) at pH 4 and 10 only for selenocyanate 

removal. However adding H2O2 to the pH 4 system with Fe(II) only (i.e., Fenton process), 

we note significant selenocyanate removal as shown in Figure 6. Furthermore, Figure 6 

also show 30 mg/L Fe(III) to be an optimum amount for the given Fenton reaction. Hence, 

using the classical Fenton process with 300 mg/L H2O2 and 30 mg/L, we note that 

selenocyanate is removed gradually with about 56% removal at time zero, and approx. 90% 

final removal is noted at 360 min. Typically, reaction between Fe(II) and H2O2 results in 

powerful hydroxyl radicals that will break down the selenocyanate complex, and oxidize 

the released elemental selenium to selenite and then to selenate [50,28]. The produced 

selenium species can adsorb onto produced ferric hydroxide (Fe(OH)3) precipitates and get 

removed from the aqueous phase.  

This work was further expanded to the possibility of selenocyanate species removal using 

the photo Fenton (PF) process. In this regard, initial batch experiments were conducted at 

pH 4 and 10, and respective results are shown in Figure 7. About 56% selenocyanate 

removal is obtained at pH 4 at time zero. However, at pH 10, selenocyanate removal is 
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insignificant. As Fenton reaction between ferrous species and H2O2 proceeds, the hydroxyl 

radicals are produced, with simultaneous conversion of ferrous ions to ferric ions, and 

reduction in total selenium removal. However, loss of Fe-species at pH 10 because of 

precipitation could cause the noted reduction in process efficiency. 

Nevertheless, the noted constant selenocyanate removal from time zero till 360-min 

reaction time during pH 4 PF experiment (Figure 7) is very different from the earlier 

reported classical Fenton based experimental results (Figure 6). This could be attributed to 

autocatalytic and regenerative nature of PF process during which leads to less precipitation 

for soluble selenium species adsorption. To assess whether the noted selenocyanate 

removal transpires from its destruction, we conducted another similar experiment with 

addition of 450 mg/L EDTA as a hole scavenger. The respective results as given in (Figure 

8) clearly show reduced selenocyanate removal in the present of EDTA, confirming that 

the noted selenocyanate removal is because of its destruction followed by adsorption. In 

any case, these results along with those without H2O2 (Figure 4 and Figure 5) also confirm 

this hypothesis. Hence, the classical Fenton process with a careful adjustment of pH and 

process chemicals yields better selenocyanate removal compared to PF process. However, 

generation of huge sludge volumes is a concern. In the coming section, we explore the 

other Fe-based techniques to gain further insight into such systems. 

We also investigated the effect of initial selenocyanate concentration onto its removal. 

Figure 9 provides the respective results for 10 and 20 mg/L selenocyanate systems. The 

results show a notable difference between the two systems over the 360-min reaction time 

with > 90% removal for 20 mg/L SeCN-, which is higher than the 10 mg/L selenocyanate 

system results. This can be attributed to higher mas transfer between the aqueous phase 
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selenium species and iron solid phase at higher initial SeCN- amount.  Another set of 

experiments conducted at pH 6 with 10 and 30 mg/L selenocyanate amount showed a 

similar trend as given in (Figure 10). Hence in general, the rate of Se removal increases 

with an increase in its initial selenocyanate concentration.   

  

 

Figure 4 The effect of pH onto total selenium removal using ferrous ion (20 mg/L 

selenocyanate, 50 mg/L Fe(II)). 
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Figure 5 The effect of pH onto total selenium removal using Fe(II)/UV light (20 mg/L 

selenocyanate, 50 mg/L Fe(II), 15 W UV lamp). 

 

 

Figure 6 The effect of initial Fe(II) amount onto the removal of selenocyanate using 

Fenton process (20 mg/L selenocyanate, 300 m/L H2O2, pH4). 
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Figure 7 The effect of pH on total selenium removal using PF process (20 mg/L 

selenocyanate, 300 mg/LH2O2, 30 mg/L Fe(II), 15 W UV lamp). 

 

 

Figure 8 The Effect of EDTA concentration on total selenium removal using PF process 

(20 mg/L selenocyanate, pH 4, 300 mg/L H2O2, 30 mg/L Fe(II), 15 W UV lamp). 
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Figure 9 The Effect of selenocyanate concentration on total selenium removal using 

Fenton process (300 mg/L H2O2, 30 mg/L Fe(II), pH 4). 

 

 

Figure 10 The effect of initial selenocyanate concentration onto its removal using Fenton 

process (300 mg/L H2O2, 30 mg/L Fe(II), pH 6). 
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5.2 Characterization of the prepared 2LFh 

5.2.1 X-ray Diffraction Spectroscopy Results  

The synthetized 2LFh product was first characterized using XRD technique. Figure 11 

shows the respective XRD scans of 2LFh produced in the present work. The results reveal 

almost identical pattern with two broad peaks at 2Ɵ at 35º and 63º, confirming the 

formation of an amorphous  iron oxide (2LFh) [73]. However, the peaks are somewhat 

placed away from the results reported for 2LFh by Das et al., (2013) [21] and by 

Schwertmann and Cornell (2000) [72]. Such shifting is possible in XRD scanning within a 

reasonable range. In any case, the given results are indicative of an amorphous phase. 

   

 

Figure 11 The XRD results for synthetized 2LFh sample 
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5.2.2 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy results  

ATR-FTIR spectra of synthetize 2LFh from 650 to 4000 cm-1 is shown in Figure 12. A 

broad peak appears at 3230 cm-1, matching to the O-H stretch [75,76]. Also, Fe-OH and 

Fe-O are assigned at 1339, 1572 cm-1, respectively [75]. Also the spectrum shows a weak 

band at 852 cm−1 which is attributed to the bending vibration of hydroxyl groups of iron 

hydroxides (Fe-OH) [75].  

 

Figure 12 The ATR-FTIR spectra for 2LFh sample 
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5.3 Application of 2LFh for selenocyanate removal: Adsorption and 

Photocatalysis results 

5.3.1 The adsorption of aqueous phase selenocyanate onto 2LFh 

5.3.1.1 The effect of pH  

Findings from adsorption of selenocyanate onto 2LFh are reported in this section. Initially, 

several batch experiments were conducted to examine the effect of pH onto selenocyanate 

adsorption and also to know the optimum pH value. Figure 13 shows the respective results 

for 5, 10, and 20 mg/L selenocyanate systems, under a wide range of pH between 4 to 11 

at 96-hr equilibrium contact time, (it should be noted that all pH values are the final pH at 

equilibrium). At pH 4, we observe approx. 50% selenocyanate removal for all system, 

whereas at pH 5, approx. 25, 20, and 19% selenocyanate adsorption is noted for 5, 10, and 

20 mg/L systems, respectively. It should however be noted that in terms of mass removal, 

the adsorption is still higher at higher selenocyanate concentration probably because of 

higher mass transfer driving force from the bulk aqueous to the bulk solid phase. 

Furthermore, selenocyanate adsorption decreases significantly under basic conditions (pH 

> 8). This could be attributed to an increase in negative charge on the solids surface with 

an increase in pH, resulting in electrostatic repulsion. For example, pHzpc of 2LFh is 

reported to be within range 5.7 and 8 [77–80]. This supports the argument that above pH 8 

the surface of 2LFh will be negatively charged, thus causing electrostatic repulsion of 

selenocyanate anion and in turn its reduced adsorption. Furthermore, competitive 

adsorption of hydroxyl ions (OH-) onto 2LFh surface sites will also reduce selenocyanate 

removal, specially at higher pH. 
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Figure 13 The effect of pH on adsorption of selenocyanate onto 2LFh (1-g/L 2LFh, 96-

hr contact time). 
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5.3.1.2 Effect of Adsorbent Dosage 

The effect of 2LFh amount onto selenocyanate uptake is given Figure 14. The initial 

selenocyanate concentrations tested were 2.5, 10, 20, and 50 mg/L. For the 2.5 mg/L study, 

we note an initial increase followed by near complete selenocyanate removal at 2-g/L 

2LFh. Similarly, at higher selenocyanate concentrations of 10, 20, and 50 mg/L, its removal 

increases with an increase in the adsorbent amount till 3-g/L, after which adsorption 

reaches a plateau/saturation. Also, the percent selenocyanate removal decreases with an 

increase in its initial concentration. Greater percent-based adsorption at lower 

selenocyanate concentrations (at specific 2LFh amount) result because of comparatively 

higher adsorption sites availability. For example, maximum of 75, 48, and 19% 

selenocyanate removal transpire using 3-g/L 2LFh for the 10, 20, and 50 mg/L 

selenocyanate systems, respectively. Furthermore, plateau noted at adsorbent dosage more 

than 3-g/L may transpire because of selenocyanate in solution and at 2LFh surface reach 

an equilibrium. Also Figure 15 that relates the adsorption capacity (qe) to equilibrium 

selenocyanate concentration (Ce), shows a typical Langmuir type trend. We note a gradual 

increase in the adsorption capacity qe of 2LFh with an increment in Ce value, i.e., the 

adsorption capacity increases from 0.89 to 3 mg/g till reaching plateau (Figure 15). This 

supports monolayer coverage with the same surface site type, as also noted in the next 

section. Initially, an increase in selenocyanate adsorption with an increase in its initial 

concentration could result because of higher selenocyanate mass transfer driving force 

from bulk aqueous to bulk solid phases. Nevertheless, as the available sites reach a 

saturation state, the net adsorption also stabilize because of equilibra between the surface 

and aqueous phase selenocyanate species [77,78].  
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Figure 14 Effect of 2LFh dosage on the adsorption of selenocyanate at varying initial 

selenocyanate concentrations (pH 5, 96-hr contact time). 

 

 

Figure 15 Adsorption isotherm of selenoyanate onto 2LFh (3-g/L 2LFh, pH 5, 96-hr 

contact time). 
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5.3.2 Application of equilibrium adsorption isotherms for the adsorption of 

selenocyanate onto 2LFh. 

An adsorption isotherm is a quantitative relationship that describes the equilibrium between 

the adsorbate concentration in solution to its sorbed concentration onto a certain adsorbent 

surface at constant temperature [81]. The adsorption isotherm data from the present work 

were modeled using both Langmuir and Freundlich isotherms. There are two main 

assumption that the Langmuir adsorption isotherm is based on: (1) an adsorbent surface 

has a fixed number of surface sites, having same energy and affinity for adsorbate and (2) 

adsorption is reversible [81,82]. Langmuir isotherm model is presented by (6 and its 

linearized form is given by (7 [81,82]: 

qe =
qe KL Ce

1 + KLCe
 

(6) 

Ce

qe
=

1

KL(qm)
+ Ce(

1

qm
) 

(7) 

Where,   

 Ce Equilibrium selenocyanate concentration (mg/L) 

 qe Adsorption capacity (mg/g) 

 qm The maximum adsorption capacity or Langmuir monolayer capacity 

(mg/g) 

 KL Langmuir constant (L/mg) 

Figure 16 shows the fitting of selenocyanate adsorption data according to Langmuir 

isotherm model by plotting Ce/qe (g/L) versus Ce (mg/L). The resulting model parameters 

are given in Table 4. For the Langmuir model fitting, we note correlation coefficient equal 
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to 0.9993 with max adsorption capacity qm of 3 mg/g and KL 1.51 (L/mg). Das et al. (2012) 

noted a same trend for selenate species adsorption onto 2LFh surface [21].  

The adsorption data were also fitted to Freundlich isotherm, which assumes a multilayer 

adsorption onto surface sites that may have different affinities for different adsorbates [81]. 

(8 and (9 give the Freundlich isotherm model and its linearized form, respectively [81,82]: 

qe = KFCe

1
n⁄
 (8) 

log(qe) = log(KF) +
1

n
log(Ce) 

(9) 

Where,   

 Ce Equilibrium selenocyanate concentration (mg/L) 

 qe Adsorption capacity (mg/g) 

 n Adsorption intensity (1≥ n ≥ 10) 

 KF Freundlich capacity factor [(mg/g)(L mg—1)1/n] 

Figure 17 provides the fitting results, and Table 4 summarize the Freundlich isotherm 

parameters. The trend reported in Figure 17 shows an irregular fit. Hence, comparing the 

results from the Langmuir and Freundlich isotherm models indicate that selenocyanate 

adsorption onto 2LFh surface is well represented by the Langmuir isotherm model, as also 

noted previously (Figure 15). In summary based on the aforementioned finding (Figure 15) 

and also adsorption isotherm results (Figure 16), selenocyanate adsorption onto 2LFh can 

be represented by the Langmuir isotherm.  
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Figure 16 Langmuir adsorption isotherm for Selenocyanate adsorption using 2LFh at pH 

5 for 96-hr contact time. 

 

 

Figure 17 Freundlich adsorption isotherm for Selenocyanate adsorption using 2LFh at 

pH 5 for 96-hr contact time. 
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Table 4 Adsorption isotherm constants for Langmuir and Freundlich isotherms for the 

adsorption of aqueous phase selenocyanate onto 2LFh surfaces. 

 

Langmuir Isotherm Parameters Freundlich Isotherm Parameters 

qm (mg/g) 
KL 

(L/mg) 
R2 KF [(mg/g)(L/mg)1/n] n R2 

3 1.51 0.9993 0.501 9.09 0.9859 
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5.3.3 Adsorption kinetics for selenocyanate adsorption onto 2LFh 

Generally, the design of adsorption systems requires a better understanding of process 

kinetics for optimum design of a full scale reactor [83]. Hence, the kinetics of 

selenocyanate adsorption onto 2LFh was also studied. In this regard, results from batch 

experiments carried out at different selenocyanate concentrations of 5, 10, and 20 mg/L 

and 3-g/L 2LFh are given in Figure 18.  For the 5 and 10 mg/L selenocyanate systems, we 

note an initial sharp uptake followed by a gradual uptake, whereas for the 20 mg/L 

selenocyanate system, only a gradual uptake is noted. Data shown in Figure 18 was fitted 

to the first and second order kinetic models as given below by (10 and (11, respectively 

[81,84].                                       

ln(Ct C0⁄ ) = −K1. t (10) 

1
Ct

⁄ = K2. t + 1
Co

⁄  (11) 

Where,   

 K1 The rate constant of first order kinetics (min−1) 

 K2 The rate constant of second order kinetics (L/mg.min) 

 Co Initial selenocyanate concentration (mg/L) 

 Ct  Selenocyanate concentration at time t, (mg/L) 
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Figure 19 and Figure 20 present plots for the first and second order kinetics, and their rate 

constants values are given in Table 5. The rate constant varies between 0.0031 min-1 for 5 

mg/L to 0.0039 min-1 for 20 mg/L systems. For the second order kinetics model, Table 5 

and Figure 20 illustrate that order rate constant decreases with an increase in the initial 

selenocyanate concentration; for 5, 10, and 20 mg/L selenocyanate systems, the  second 

order rate constants are 0.008, 0.004, 0.003 L/mg.min, respectively. Overall, the results 

show that adsorption kinetics of selenocyanate is described well by second order kinetics 

model.  
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Table 5 Kinetic parameters for selenocyanate adsorption of selenocyanate onto the 2LFh 

 

Selenocyanate 

Concentration 

(mg/L) 

First-order Parameters Second-order Parameters 

Rate constant 

K1 (min—1) 
R2 

Rate constant 

K2 (L/mg.min) 
R2 

5 0.0031 0.8554 0.0008 0.8927 

10 0.0027 0.9252 0.0004 0.9459 

20 0.0039 0.9906 0.0003 0.9738 

 لللللللللللللل

 

 

Figure 18 Adsorption of selenocyanate onto 2LFh with respect to time (3-g/L 2LFh, pH 

5). 
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Figure 19 First-order kinetic plot for selenocyanate adsorption onto 2LFh (3-g/L 2LFh, 

pH 5). 
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Figure 20 Second-order kinetic plot for selenocyanate adsorption onto 2LFh (3-g/L 

2LFh, pH 5). 
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5.3.4 The removal of selenocyanate species using photocatalysis  

5.3.4.1 Results from batch experiments 

Selenocyanate species removal using photocatalysis based advanced oxidation process was 

also studied in this work. The photocatalytic experimental details were described earlier in 

chapter 4. Initially, several 20 mg/L selenocyanate photocatalysis batch experiments were 

conducted under different conditions, i.e., use of only UV light, use of a combination of 

UV light and 2LFh, and use of a combination of UV radiation and TiO2. This was to 

investigate the possibility of using metal oxide 2LFh as a photocatalyst for selenocyanate 

removal. Figure 21 that shows the respective experimental results indicates no 

selenocyanate removal with only UV exposure over 360-min. These findings are similar to 

those noted by Vohra (2015) [50]. Similarly, it is also observed that using UV with 2LFh 

also yields only a negligible decrease in selenocyanate species at 360-min reaction time. It 

should be noted that the earlier reported selenocyanate adsorption based removal using 

2LFh provided a long equilibrium time of 96 hr that did yield the reported adsorption and 

removal, whereas in the photocatalysis experiments the contact time is very small. On the 

other hand for the third experiment using TiO2 gives complete selenocyanate complex 

destruction in 120 min as shown in Figure 21. Hence, the destruction of the selenocyanate 

complex is successfully initiated by hydroxyl-radicals (OH) that are produced during 

photocatalytic degradation (PCD) process [50]. Hoffmann et al., (1995) [85] elucidated use 

of TiO2 during photocatalysis and the respective reaction mechanism are represented by 

(12 and (13;                                          
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TiO2 + h𝑣 →  e− + h+ (12) 

Ti − OH− + h+ → Ti − OH (13) 

(12 shows that when a TiO2 particle is exposed to UV radiation (~352 nm), it adsorbs the 

light energy, leading to excitation of the valence band (VB) electrons/e−. Consequently, 

the electrons are transferred to the conduction band (CB) of respective TiO2 particle. This 

reaction produces in turn an electron/hole pair (e−/h+). Moreover, the h+ species in VB is 

considered as electron deficient that scavenges an electron from the hydroxyl species (OH—

) adsorbed onto surface of TiO2 and generates powerful hydroxyl radicals (OH), which 

break down the selenocyanate complex, eventually converting it to oxidized selenite 

(SeO3
2−) and then to selenate species (SeO4

2−) along the reaction as shown in Figure 22. 

We further investigated the use of 2LFh metal oxide along withTiO2 as explained in the 

following sections. 
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Figure 21 The destruction of selenocyanate complex under varying experimental 

conditions: 1) in the presence of UV light only, 2) in the presence of UV light 

with 2LFh only, and 3) in the presence of UV light with TiO2 only (20 mg/L 

selenocyanate, 1-g/L 2LFh, 1-g/L TiO2, 15 W UV lamp, pH 5) 

 

 
 

Figure 22 Destruction of selenocyanate complex and formation of other selenium species 

(selenite and selenate) using photocatalysis using TiO2 (20 mg/L selenocyanate, 

1-g/L TiO2, 15 W UV lamp, pH 5). 
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5.3.4.2 Use of 2LFh for the removal of different selenium species produced 

during photocatalysis selenocyanate complex 

In the previous section (5.3.4.1), we noted that using only 2LFh metal oxide with UV lamp 

light did not remove selenocyanate species. We thus investigated the use of 2LFh along 

with TiO2 for selenocyanate removal to know the possibility of achieving complete 

selenium species removal, via a two-path way reaction, i.e. breaking down of 

selenocyanate complex by the TiO2 photocatalysis followed by the adsorption of released 

selenium species onto 2LFh. Please note that previous TiO2-based system has reported use 

of reducing agents such as formate to initiate reduction of selenite/selenate to elemental 

selenium that follows removal of selenium via precipitation. However in the present case, 

the produced oxidized Se-species can be eventually removed by adsorption onto 2LFh, as 

reported earlier by Das et al., (2013) [21]. 

5.3.4.3 Initial adsorption results 

Before starting photocatalysis experiments, adsorption of selenocyanate onto TiO2 only 

and 2LFh/TiO2 was first examined via 30-min pre-adsorption time because of its 

importance during photocatalysis of selenium species. The respective results as presented 

in Figure 23 show the effect of pH on initial selenocyanate adsorption onto TiO2 only and 

2LFh/TiO2 surfaces. Though we note negligible selenocyanate adsorption onto TiO2 only 

at pH 5 and 9; about 7% selenocyanate removal is obtained using 2LFh/TiO2 at pH 5, but 

its adsorption at pH9 is neglected. (It should be noted that details of selenocyanate 

adsorption onto 2LFh using longer equilibrium time has been discussed in section 5.3.1.1). 
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Figure 23 Initial adsorption of selenocyanate before explosure to UV-light during PCD 

experiments (20 mg/L selenocyanate, 30 min contact time, 1-g/L TiO2, 1-g/L 

2LFh) 
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5.3.4.4 Effect of pH onto photocatalytic removal of selenocyanate 

In this section, we examine the effect of pH during 2LFh/TiO2 based photocatalytic 

selenocyanate removal. Figure 24 shows that selenocyanate species disappears gradually 

over 360-min reaction time with approx. 85% of selenocyanate removal noted at 2 hr and 

near complete removal at 6 hr. Furthermore, Figure 25-(a) that provides the total selenium 

results in the absence and presence of 2LFh, showing that in the absence of 2LFh, approx. 

20% of total selenium is removed, whereas using TiO2 with 2LFh during photocatalysis 

causes a gradual decrease in the total selenium over 6-hr remediation time until its near 

complete removal. Also, Figure 25-(b) compares the selenite trends during the destruction 

of selenocyanate complex both without and with 2LFh (the results are given as percent of 

total initial selenium). In the absence of 2LFh, selenite anions buildup at an earlier stage to 

reach 25% at 60 min. Thereafter, the selenite species decrease to a complete disappearance. 

However in the presence of 2LFh, the selenite species builds only to 4% at 60 min and then 

disappears completely. Also, Figure 25-(c) that compares the selenate trends shows a clear 

difference between the two systems, i.e., in absence and presence of 2LFh. For the former 

case, selenate species progressively continues to build reaching 65% selenate. On the other 

hand, in the presence of 2LFh, we note only 7% selenate species at 360 min. 

Two more batch experiments were conducted at pH 9 to further investigate the above noted 

degradation trends for selenocyanate to elucidate on the main removal mechanisms. The 

results are shown in Figure 26 and Figure 27. Figure 26 presents the removal of 

selenocyanate species using PCD in the absence of 2LFh. It is evident that though the 

general trends at pH 9 are almost similar to trends at pH 5, but at pH 9 selenocyanate is 

removed at 120 min. Moreover, a significant buildup of selenite species along with a 
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gradual selenate increase is noted, i.e., about 65 and 28% selenite and selenate species, 

respectively (at 2 hr). After 120 min, the selenite species starts to decrease gradually while 

getting oxidized to selenate. But, the results indicate negligible total selenium removal over 

6-hr reaction time. On the other hand as shown in Figure 27 and Figure 28-(a), adding 1-

g/L 2LFh to the system results in about 40% total selenium removal in 360 min, and a clear 

difference is evident between the two systems at higher pH value. Also, the removal of 

selenite species (for the above two systems) formed during the selenocyanate destruction 

is given in Figure 28-(b). It is observed that about only 10% selenite species remains in the 

aqueous phase at 360-min reaction time. Figure 28-(c) shows about 40% selenate 

remaining in the solution with greater removal noted for the combined 2LFh/TiO2 system. 

Hence, we can clearly see the role of using 2LFh metal oxide on the removal of all selenium 

species during selenocyanate destruction along with the effect of pH on the total removal 

efficiency, i.e., reduced overall selenium removal noted at pH 9 because of reduced 

adsorption, as also discussed earlier.   

We also further looked into what really causes high total selenium removal using 2LFh 

during the PCD process. In this regard, additional adsorption experiments were conducted 

to find out the removal of single solute selenite and selenate species using only 2LFh. For 

single 20 mg/L selenite and 20 mg/L selenate systems at pH values of 5, 7, and 9, we note 

the following details: for the selenite system, approx. 96% selenite removal is noted at pH 

5, whereas approx. 56% removal transpires at pH 7 that further reduces to 22% at pH 9 

(Figure 29). Similar to selenite findings, selenate removal also decreases with an increase 

in the initial pH; approx. 95% and 45% selenate removal transpires at pH 5 and 7 

respectively as shown in Figure 29 and negligible at pH9, which could be attributed to an 
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increased electrostatic repulsion due to 2LFh tuning anion at pH above pHzpc, as also 

discussed previously in section (5.3.1.1). Hence, though 2LFh has a special affinity for 

selenite and selenate species, however it decreases with an increase in pH. These findings 

are similar to those reported in previous studies [21,86,87]. Hence, we could explain the 

higher selenium removal using 2LFh during PCD destruction selenocyanate. While 

selenocyanate complex gets destroyed due to hydroxyl radicals generated by excitation of 

TiO2, significant selenite and selenate species buildup starts increasing in the absence of 

2LFh. However in the presence of 2LFh, these species get simultaneously adsorbed onto 

2LFh, which is a better adsorbent. This eventually yields near complete total selenium 

species removal at acidic pH 5 (Figure 29). 

 

 

Figure 24 The removal of removal of all dissolved selenium associated species during 

the destruction of the selenocyanate complex using photocatalysis with 2LFh 

(20-mg/L selenocyanate, 1-g/L 2LFh, 1-g/L TiO2, 15 W UV lamp, pH 5). 
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Figure 25 Comparison between use of TiO2 only and TiO2/2LFh during selenocyanate 

photocatalysis-adsorption based treatment: (a) total selenium trends, (b) selenite 

trends, and (d) selenate trends ( 20 mg/L selenocyanate, 1-g/L TiO2, 1-g/L 2LFh, 

15 W UV lamp, pH 5). 
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Figure 26 Destruction of selenocyanate complex and formation of other selenium species 

(Selenite and Selenate) using photocatalysis using only 1-g/L TiO2 at pH 9 (20 

mg/L selenocyanate, 15 W UV lamp). 

 

 

Figure 27 The removal of removal of all dissolved selenium associated species during 

the destruction of the selenocyanate complex using photocatalysis with 2LFh 

(20-mg/L SeCN—, 1-g/L 2LFh, 1-g/L TiO2, 15 W UV lamp, pH 9). 
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Figure 28 Comparison between use of TiO2 only and TiO2/2LFh during selenocyanate 

photocatalysis-adsorption based treatment: (a) total selenium trends, (b) selenite 

trends, and (d) selenate trends ( 20 mg/L selenocyanate, 1-g/L TiO2, 1-g/L 2LFh, 

15 W UV lamp, pH 9). 
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Figure 29 The effect of pH on adsorption of single solute systems selenite and selenate 

onto 2LFh surface (20 mg/L selenite, 20 mg/L selenate, 1-g/L 2LFh, 24-hr 

equilibrium time). 
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5.3.4.5 Effect of 2LFh amount onto photocatalysis 

In the previous section, we noted the removal of total selenium during the destruction of 

selenocyanate complex due to TiO2 based and 2LFh based adsorption of different selenium 

species. Taking this into consideration, we further examined the effect of 2LFh amount 

onto the removal of respective selenium species. In this regard, two additional experiments 

were conducted at 0.5 and 1.5 g/L 2LFh with (20 mg/L selenocyanate, 1-g/L TiO2, UV 

light, pH 7). Figure 30 and Figure 31 show the respective results of these experiments, 

whereas Figure 32 summarizes the comparison between two systems. The results clearly 

show the effect of 2LFh amount onto the gradual removal of total selenium (Figure 32-

(a)). For example, about 30% total selenium removal is obtained at 60-min reaction time 

when only 0.5-g/L 2LFh is used, after which the reaction reaches a plateau. However, the 

total selenium remaining decreases gradually when we use 1.5 g/L 2LFh, achieving approx. 

90% removal in 360-min treatment period (Figure 32-(a)). In contrast, the amount of 2LFh 

has no significant effect onto selenocyanate complex destruction as illustrated in Figure 

32-(b). The selenite results, as shown in Figure 32-(c), show small amounts, for both 2LFh 

amounts. It should be noted at lower 2LFh of 0.5-g/L, 2LFh gets saturated in the first 30 

min due to adsorption of selenite and some of selenate species in the earlier stages, which 

could also be the reason for higher selenate buildup (approx. 65%) (Figure 32-(d)). On the 

other hand at higher 2LFh amount of 1.5-g/L, both selenite and selenate species are 

simultaneously adsorbed onto 2LFh at higher rate, showing near complete removal as 

shown in Figure 32-(c-d). 
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Figure 30 The removal of removal of all dissolved selenium associated species during 

the destruction  the selenocyanate complex using photocatalysis with 2LFh (20 

mg/L selenocyanate, 0.5-g/L 2LFh, 1-g/L TiO2, , 15 W UV lamp, pH 7). 
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Figure 31 The removal of removal of all dissolved selenium associated species during 

the destruction of selenocyanate complex using photocatalysis with 2LFh (20 

mg/L selenocyanate, 1.5-g/L 2LFh, 1-g/L TiO2, , 15 W UV lamp, pH 7). 
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Figure 32 The effect of 2LFh amount onto the removal of (a) total selenium remaining, 

(b) selenocyanate remaining, (c) selenite remaining, and (d) selenate remaining 

associated species during destruction of selenocyanate complex using 

photocatalysis (20 mg/L selenocyanate, 1-g/L TiO2, 15 W UV lamp, pH 7). 
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5.3.4.6 Effect of initial selenocyanate concentration onto photocatalysis 

We also investigated the influence of selenocyanate concentration onto removal of 

different selenium species during selenocyanate removal. Two additional experiments 

were carried out at 10 mg/L initial selenocyanate concentration and pH 5 and 9. The 

respective results of the two experiments are given in Figure 33-(A&B), whereas Figure 

34 and Figure 35 compare these results to respective 20 mg/L selenocyanate results. It is 

noted that at pH 5 the total selenium removal decreases with an increase in the initial 

selenocyanate concentration as shown in Figure 34-(a), i.e., approx. 90% and 80% removal 

are observed at 120-min reaction time from 10 to 20 mg/L selenocyanate systems (Figure 

34-(a)). We also observe similar trends for selenocyanate species (Figure 34-(b)). Figure 

34-(c) that shows the selenite results indicates that selenite species generated during 

photocatalysis is instantaneously adsorbed onto 2LFh. On the other hand for selenate 

species, near complete removal is obtained in 360 min with no significant effect of initial 

selenocyanate concentration (Figure 34-(d)), which could be attributed to its simultaneous 

adsorption onto 2LFh. We also observe qualitatively similar trends at pH 9 as illustrated in 

Figure 35, though adsorption of selenite and selenate is lower as noted before as well. In 

summary, the above results show that the use of TiO2/2LFh particles during photocatalysis 

causes destruction of selenocyanate complex with simultaneous adsorption of reaction 

intermediates (selenite and selenate) at acidic pH of 5 that can be successfully removed 

from the respective wastewater streams. Hence, use of 2LFh along with TiO2-PCD offers 

a viable process for the treatment of selenocyanate contaminated waters.  
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Figure 33 (A&B) The removal of removal of all dissolved selenium associated species 

during the destruction of se;enocyanate complex using photocatalysis with 2LFh 

(10 mg/L selenocyanae, 1-g/L 2LFh, 1-g/L TiO2, 15 W UV lamp, (A): pH 5, (B): 

pH 9). 
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Figure 34 The effect of initial selenocyanate concentration onto the removal of (a) total 

selenium remaining, (b) selenocyanate remaining, (c) selenite remaining, and (d) 

selenate remaining during the destruction of selenocyanate complex using 

photocatalysis (1-g/L 2LFh, 1-g/L TiO2, 15 W UV lamp, pH 5). 
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Figure 35 The effect of initial selenocyanate concentration onto the removal of (a) total 

selenium remaining, (b) selenocyanate remaining, (c) selenite remaining, and (d) 

selenate remaining during the destruction of selenocyanate complex using 

photocatalysis (1-g/L 2LFh, 1-g/L TiO2, 15 W UV lamp, pH 9). 
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5.3.4.7 RSM modeling  

Recently, RSM has been use in many optimization studies [74]. It is a combination of 

statistical and mathematical methods to study the response of a process under varying 

conditions to optimize this response [74]. In this work, we used BBD, which is a special 

type of RSM techniques that consider three factors with three equally spaced levels, for the 

experimental design and response analysis. In this design, we examined the effect of three 

independent factors, which were 2LFh amount, initial selenocyanate amount, and pH, onto 

the total selenium removal during the destruction of the selenocyanate complex using 

photocatalysis (1-g/L TiO2, 15 W UV lamp) at 360-min reaction time. BBD considers three 

equally spaced level coded as, low (-1), medium (0), and high (+1), as presented in Table 

6. For this design, thirteen randomized experimental runs were performed, and Design-

Expert® Software v.10 was used in the analysis. The software employs the least square 

regression method in fitting the experimental data to the selected polynomial function. The 

responses values used for the analysis were based on total selenium removal % at 360-min 

reaction time, and also the complete design layout is illustrated in Table 6. (14 explains the 

model equation for total selenium removal in terms of coded factors. It should be noted 

that the factors were designated as A, B, and C, which 2LFh amount (-1 = 0.5 g/L, 0 = 1 

g/L, and +1 = 1.5 g/L), SeCN— concentration (-1 = 10 mg/L, 0 = 15 mg/L, and +1 = 20 

mg/L), and pH (-1 = pH 5, 0 = pH 7, and +1 = pH 9), respectively. Moreover, Table 7 

provides analysis of variance (ANOVA), which provides the significance level of the 

model and model parameters.  

Table 7 also shows the significance level of each model and its term based on the 

probability value (p-value) and the F-statistic value. Values of "Prob > F" less than 0.05 
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indicate model terms are significant in predicting the experimental response. Otherwise, 

values greater than 0.1000 denote the model terms are not significant. 

Total selenium removal %
=  +66.61 + 15.73 × A
− 4.46 × B − 21.79 × C 

(14) 

 

Typically, the model presented a p-value of 0.0094 which is less than 0.05. Thus, it implies 

that model is significant. Additionally, model terms A and C were both statistically 

significant. It is noted from (14 that the removal of total selenium increases with an increase 

in the amount of 2LFh. Higher 2LFh amount increases the number of available sites 

required for simultaneous selenium species adsorption, and this was previously discussed 

in section (5.3.4.5). In contrast, total selenium removal decreases, as initial pH increases. 

Also, this could be attributed to the same reason mentioned in sections (5.3.1.1) and 

(5.3.4.4), which is that above pH 5.7, the 2LFh will be negatively charged and thus, an 

electrostatic repulsion will exist between the 2LFh and different selenium species formed. 

Nevertheless, the 2LFh surface has positive charge below pH 7.8, which will attract the 

negative selenium species to 2LFh surface. Also, we look into the model factor B, initial 

selenocyanate concentration. The model term B shows p-value of 0.4677 greater than 0.05, 

and this term has no significant effect onto the total selenium removal because the removal 

process is a function of the rate of selenocyanate complex destruction as confirmed in 

section (5.3.4.6). In addition, important model characteristics are shown in Table 8. Figure 

36, Figure 37 and Figure 38 show three-dimensional representation for the effect of the 

above mentioned factors (A: 2LFh amount, B: initial selenocyanate concentration, and C: 

pH) individually. 
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The model shows R2, about 0.7040 (Table 8). However, adjusted and the predicted R2 of 

the models were found to be in good agreement with values of 0.6054, and 0.4472, 

respectively as their difference in is less than 0.2. Larger R2 values, close to 1, imply a 

good fit model regression. However, there may be some errors between the model and the 

real results, causing that the model is totally insignificant. The average absolute deviation 

value (AAD), which indicates the predictive capability of the developed model, could 

eliminate these errors. (15 [74] represents the AAD, 

 

AAD should be as small as possible[74]. However, AAD obtained for this model is about 

21.7% (Table 8). Also, adequate precision indicates signal-to-noise ratio, which is 

acceptable with value more than 4.  Adequate precision the value of 8.123 is obtained for 

the present model (Table 8). These results show that the model is adequate signal and can 

be used for predicting the experimental data to some extent. In summary, the above 

argument reveals that RMS modeling could be used to anticipate total selenium removal 

using 2LFh during photocatalytic selenocyanate complex destruction with TiO2.  

 

 

 

AAD = {[∑ (|𝑦𝑖,𝑒𝑥𝑝 − 𝑦𝑖,𝑐𝑎𝑙|/𝑦𝑖,𝑒𝑥𝑝)
𝑝

𝑖=1
] /𝑝} × 100 (15) 

Where,    

 𝑦𝑖,𝑒𝑥𝑝 The experimental responces  

 𝑦𝑖,𝑐𝑎𝑙 The calculated responses  

 p Number of experimental runs 
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Table 6 Experimental design and the total selenium removal, according to BBD 

 

Run 
Factor 1 

A: 2LFh (g/L) 

Factor 2 

B: 

selenocyanate 

amount (mg/L) 

Factor 3 

C: pH 

Response: 

Total selenium 

removal % at 

360 min 

1 1 10 9 50.21 

2 0.5 20 7 29.6 

3 1.5 15 9 44.35 

4 0.5 15 9 46.81 

5 1 10 5 98.18 

6 1.5 20 7 81.88 

7 1.5 10 7 93.6 

8 1 20 9 37.03 

9 0.5 15 5 72.68 

10 1 15 7 95.25 

11 1.5 15 5 89.6 

12 1 20 5 92.28 

13 0.5 10 7 34.52 

Sam  

Table 7 Statistical significance level of the model and the model parameters at 5% (p ˂ 

0.05) 

Response Model A B C 

Total selenium removal% at 360 min 0.0094 0.0256 0.4677 0.0049 

Sam 
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Table 8 Pertinent model characteristics established using the RSM method. 

Response 
Response 

transformation 

Adequate 

precision 
R2 

Adjusted  
R2 

Predicted  
R2 

AAD 

(%) 

Total selenium 

removal% at 360 

min 

None 8.123 0.7040 0.6054 0.4472 21.7% 

 

 

Figure 36 3D graph presenting the effect of 2LFh amount(A)  and initial selenocyanate 

concentration (B) on removal of total selenium during selenocyanate complex 

destruction using photocatalysis (1-g/L TiO2, pH 7). 
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Figure 37 3D graph presenting the effect of 2LFh amount (A)  and pH (C) on removal 

of total selenium during selenocyanate complex destruction using photocatalysis 

(20 mg/L seleocyanate, 1-g/L TiO2, pH 7). 
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Figure 38 3D graph presenting the effect of initial selenocyanate concentration (B) and 

pH (C) on removal of total selenium during selenocyanate complex destruction 

using photocatalysis (1-g/L TiO2, 1-g/L 2LFh). 
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5.4 Characterization of the prepared binary oxide system [Fe(III)/SiO2] 

5.4.1 X-ray Diffraction Spectroscopy Results  

X-ray diffraction patterns was use for the produced Fe(III)/SiO2 binary oxide system. The 

respective characterization is given in Figure 39. XRD study shows no evidence to support 

formation of crystalline Fe-oxide phase. XRD results in our work show that Fe(III)/SiO2 

are X-ray noncrystalline mixed oxides at pH 5.0. One broad peak is shown at 2Ɵ of 23º as 

presented in Figure 39. Similar findings were reported by Brigante et al., (2013 [88], 

Gervasini et al., (2009)[89], and Ennas et al., (1998) [90]. Shift in the XRD peaks from the 

previously reported by Kamal et al., (2008) [91], could be attributed to the stabilization of 

the amorphous Fe2O3 nanophase due to preventive role of the silica matrix [92].   

     

 

Figure 39 XRD spectra for binary oxide system [Fe(III)/SiO2] 
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5.4.2 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy 

FTIR spectra is considered as an important feature to identify Fe(III)/SiO2 binary oxide 

(Figure 40). We observe a broad band centered at 3232 cm−1, which associated to OH 

stretching of surface hydroxyls bound to silicon (Si-OH) [88,93]. In addition, a peak at 

about 1630 cm−1 due to the OH bending mode of water molecules [88,93]. Also, broad 

peaks located at 1050 and 790 cm−1 are attributed to asymmetric and symmetric Si-O-Si 

vibrations, respectively [93]. 

  

 

Figure 40 ATR-FTIR spectra of binary oxide system [Fe(III)/SiO2]. 
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5.5 Application of binary oxide system [Fe(III)/SiO2] for selenocyanate 

removal  

5.5.1 The adsorption of aqueous phase selenocyanate onto Fe(III)/SiO2 

5.5.1.1 The effect of pH  

The influence of pH on adsorption process is an important parameter because it determines 

the ionization of the adsorbate in the aqueous phase as well as the surface charge of the 

adsorbent being employed. Hence, the effect of pH on the single solute adsorption of 

selenocyanate onto Fe(III)/SiO2 was investigated at pH range between 4 to 11. Batch 

adsorption experiments were conducted at 10 and 20 mg/L selenocyanate and 1-g/L 

Fe(III)/SiO2. The respective results are given in Figure 41. It should be noted that those 

results were obtained at equilibrium time 96 hr. It is observed that selenocyanate adsorption 

increases with a decrease in pH. Approx. 6% and 2% selenocyanate adsorption transpires 

for 10 and 20 mg/L selenocyanate, respectively at pH 6. However, selenocyanate removal 

decreases gradually, as pH increases, showing negligible removal at higher pH. This 

phenomenon is attributed to the lower pHzpc of binary oxide system. Chan et al., (2009) 

[20] reported pHzpc of 6.5 for Fe(III)/SiO2. At pH above pHzpc, the adsorbent surface will 

be predominantly negatively charged, resulting in electrostatic repulsion between the solid 

phase and the selenocyanate aqueous phase. In addition, an increase in pH also increases 

the hydroxyl ions (OH-), which in turn compete with selenium oxyanions for fixed surface 

adsorption sites, causing decrease in selenocyanate adsorption. 
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Figure 41 The effect of pH on selenocyanate adsorption onto binary oxide system 

[Fe(III)/SiO2], (10-20 mg/L selenocyanate, 1 g/L Fe(III)/SiO2, 96-hr contact 

time). 
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5.5.1.2 The effect of adsorbent dosage  

The effect of Fe(III)/SiO2 amount onto selenocyanate adsorption was also assessed. In this 

regard, two additional experiment were carried out at 20 and 50 mg/L selenocyanate and 

different Fe(III)/SiO2 amount at pH 5. Figure 42 shows the respective results. It is noted 

that selenocyanate adsorption increases with an increment in adsorbent dosage. About 50% 

removal is obtained at 5-g/L Fe(III)/SiO2 for 20 mg/L selenocyanate system. Similarly, the 

removal of 50 mg/L selenocyanate increases, as the adsorbent amount increases till 5-g/L. 

Thereafter, the adsorption reaches a plateau. Increasing the adsorbent amount increases the 

available adsorption sites, which in turn increases removal efficiency. Also, Figure 43 gives 

the adsorption capacity of Fe(III)/SiO2 with respect to equilibrium selenocyanate 

concentration. We note that the adsorption capacity increases with increasing Ce from 1.6 

to 2.65 mg/g. these results a very low affinity of Fe(III)/SiO2 for selenocyanate adsorption.  
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Figure 42 The effect of Fe(III)/SiO2 amount on the adsorption of selenocyanate ( pH 5, 

96-hr contact time).  

 

 

 

Figure 43 Adsorption isotherm of selenocyanate onto Fe(III)/SiO2 (50 mg/L 

selenocyanate, 1-10 g/L Fe(III)/SiO2, pH 5, 96-hr contact time). 
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5.5.1.3 Application of equilibrium adsorption isotherms for selenocyanate 

adsorption onto binary oxide system [Fe(III)/SiO2] 

To investigate the adsorption capacity of Fe(III)/SiO2 binary oxide, batch adsorption 

experiment at 50 mg/L selenocyanate were completed at different Fe(III)/SiO2 amounts (1, 

2, 3, 5, and 10 g/L Fe(III)/SiO2). The respective results are presented in Figure 42 and 

Figure 43.  Adsorption data are fitted to Langmuir isotherm (Figure 44), and also the 

Freundlich isotherm as explained earlier in section (5.3.2). 

Along with the trends noted in Figure 43, and from those for Freundlich isotherm suggest 

that the Freundlich isotherm model is suitable for describing the adsorption equilibrium of 

selenocyanate the binary oxide systems. The fitting data shows that Freundlich constant 

(KF) and (n) for selenocyanate by Fe(III)/SiO2 are 0.0079 and 0.6673, respectively. 
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Figure 44 Langmuir adsorption isotherm for selenocyanate adsorption using Fe(III)/SiO2 

at pH 5 for 96-hr contact time. 

 

 

 

Figure 45 Freundlich adsorption isotherm for selenocyanate adsorption using 

Fe(III)/SiO2 at pH 5 for 96-hr contact time.  
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5.5.1.4 Adsorption kinetics for selenocyanate adsorption onto Fe(III)/SiO2 

The selenocyanate adsorption kinetics onto Fe(III)/SiO2 is also investigated. Two batch 

experiments were conducted to examine the rate of selenocyanate uptake at 20 and 50 mg/L 

initial selenocyanate concentrations. The respective results are given in Figure 46. We 

observe a negligible selenocyanate removal during the first 2 hr.  Thus, the binary oxide 

system shows a very slow selenocyanate uptake. Nevertheless, given higher equilibrium 

time, as reported earlier, noticeable adsorption does transpire.  

 

 

 

 

Figure 46 Adsorption of selenocaynate onto Fe(III)/SiO2 with respect to time (5-g/L 

Fe(III)/SiO2) 
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5.5.2 The removal of selenocyanate species using photocatalysis process 

5.5.2.1 Results from batch experiments  

Removal of selenocyanate using Fe(III)/SiO2 binary oxide based photocatalysis was also 

investigated in this study. Photocatalysis using Fe(III)/SiO2 only showed insignificant 

change in selenocyanate species over 360-min reaction time as shown in Figure 47. Hence, 

Fe(III)/SiO2 binary oxide is not effective as a photocatalyst. However, adding TiO2 yields 

near complete selenocyanate removal as also mentioned earlier in this thesis. Therefore, 

(as also noted earlier for 2LFh system) mixed system with TiO2-photocataysis breaking 

down the selenocyanate complex into intermediates including selenite and selenate, 

followed by the adsorption of these species by Fe(III)/SiO2 system was also investigated. 

Hence as a first step, we examined the adsorption of selenocyanate, selenite, and selenate 

in single adsorption systems using the binary oxide at different pH values. Three batch 

experiments were conducted using 1-g/L Fe(III)/SiO2 added to individual 20 mg/L selenite, 

selenate, and selenocyanate systems at pH 5, 7, and 9. The respective results are given in 

Figure 48. It is observed that the adsorption of selenium species decreases with an increase 

in pH. For example, although Fe(III)/SiO2 adsorbent shows approx. 30% selenate removal 

at pH 5, a negligible selenate adsorption (0.5%) is observed at pH 9. Similarly, about 82, 

30, and 14% selenite removals are noted at pH 5, 7, and 9, respectively. Though very small, 

however selenocyanate adsorption also decreases with pH increasing. Similar findings are 

reported by Chan et al., (2009) [20], who attributed this to the lower pHzpc of 6.5 for 

Fe(III)/SiO2. Above pHzpc, the surface of the adsorbent will be negatively charged, leading 

to electrostatic repulsion of selenium oxyanions. This along with higher hydroxyl ions that 

can compete with selenium oxyanions for fixed surface adsorption sites will cause reduced 
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selenite and selenate adsorption [20]. Nevertheless, the above findings show successful 

application of Fe(III)/SiO2 for the removal of selenium species. Hence, the Se-species 

produced during selenocyanate complex destruction using TiO2 PCD process can be 

adsorbed onto Fe(III)/SiO2 binary oxide and potentially removed from the aqueous phase. 

The respective experiment findings are reported in the next section.  
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Figure 47 Destruction of selenocyanate complex using photocatalytic process under 

varying experimental conditions: 1) in the presence of UV light with 1-g/L 

Fe(III)/SiO2, and 2) in the presence of UV light with 1-g/L TiO2 (20 mg /L 

selenocyanate, pH 5) 

 

 

 

Figure 48 The effect of pH on adsorption of single solute system selenate, selenite, and 

selenocyanate onto Fe(III)/SiO2 surface (20 mg/L selenate only, 20 mg/L selenite 

only, 20 mg/L selenocyanate only, 1-g/L Fe(III)/SiO2). 
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5.5.2.2 Effect of pH onto photocatalytic removal of selenocyanate 

The effect of pH onto selenocyanate removal using combination of TiO2 photocatalysis 

and Fe(III)/SiO2 adsorption based system was also studied in the present work. Figure 49 

(A&B) show the trends for 20 mg/L selenocyanate photocatalysis at pH 5 and 9, and Figure 

50 compares the respective species trends at pH 5 and 9. At pH 5, 90% total selenium 

removal is noted at 240 min, whereas at pH 9 this reduces to 40% Figure 50-(a). 

 Furthermore, a qualitatively similar trend is noted for selenocyanate that shows about 85% 

removal in 60 min (followed by near complete removal after 120 min), whereas at pH 9 

we note approx. 50% of selenocyanate species removal at 60 min (Figure 50-(b)). Vohra 

(2015) also reported reduced PCD selenocyanate complex destruction with an increase in 

pH [50]. Now comparing the removal of reaction intermediates selenite and selenate, we 

note near complete selenite removal at both pH 5 and 9 (Figure 50-(c)), however selenate 

remaining at pH 5 and 9 is about 15% and 60 %, respectively as shown in  Figure 50-(d). 

That also accounts for the total selenium remaining in the system. This would be attributed 

to lower selenate adsorption at pH 9, as also noted in Figure 48.  

We also examined the effect of pH onto removal of 10 mg/L selenocyanate with respective 

results are given in Figure 51 (A&B) and Figure 52-(a)-(d), with trends similar to those 

noted for the 20 mg/L selenocyanate system. At pH 5, total selenium removal transpires at 

120 min, whereas at pH 9, we note about 45% total selenium removal at 240 min (Figure 

52-a). Also, the selenocyanate removal rate is higher at pH 5 (Figure 52-b). Additionally, 

though near complete selenite removal is obtained at both pH 5 and 9 (Figure 52-c), 

however selenate shows incomplete removal at pH 9 (Figure 52-c). These trends are 

qualitatively very similar to those noted earlier for the 20 mg/L selenocyanate system. 
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Hence, though the PCD process breaks down the selenocyanate complex to oxidized 

selenite and to selenate form, nevertheless, it is only upon the addition of Fe(III)/SiO2 that 

the produced selenite and selenate species are adsorbed and removed from the aqueous 

phase. However, the affinity of Fe(III)/SiO2 specifically for selenate decreases significantly 

at basic pH. Hence, the above results indicate acidic pH to be the optimum for total 

selenium removal. 
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Figure 49 (A&B) The removal of dissolved selenium associated species during the 

destruction of selenocyanate complex using photocatalysis with Fe(III)/SiO2 

system (20-mg/L selenocyanate, 1-g/L Fe(III)/SiO2, 1-g/L TiO2, 15 W UV lamp, 

(A): pH 5, (B): pH 9). 
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Figure 50 The effect of pH onto the removal of selenium species: (a) total selenium, (b) 

selenocyanate, (c) selenite, and (d) selenate, remaining during selenocyanate 

complex destruction using photocatalysis with Fe(III)/SiO2 system (20-mg/L 

selenocyanate, 1-g/L Fe(III)/SiO2, 1-g/L TiO2, 15 W UV lamp). 
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Figure 51 (A&B) The removal of dissolved selenium associated species during the 

destruction of selenocyanate complex using photocatalysis with Fe(III)/SiO2 

system (10 mg/L selenocyanate, 1-g/L Fe(III)/SiO2, 1-g/L TiO2, 15 W UV lamp, 

(A): pH 5, (B): pH 9). 
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Figure 52 The effect of pH onto the removal of selenium species: (a) total selenium, (b) 

selenocyanate, (c) selenite, and (d) selenate, remaining during the selenocyanate 

complex destruction using photocatalysis with Fe(III)/SiO2 system (10-mg/L 

selenocyanate, 1-g/L Fe(III)/SiO2, 1-g/L TiO2, 15 W UV lamp). 
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5.5.2.3 Effect of Fe(III)/SiO2 amount onto photocatalysis 

The effect of Fe(IIII)/SiO2 amount onto the removal of respective selenium species during 

the mixed photocatalysis-adsorption treatment was also assessed. We initially conducted 

two experiments at 0.5 and 1.5 g/L Fe(III)/SiO2 for 20 mg/L selenocyanate removal at pH 

7, and respective findings are given in Figure 53 (A&B). Though we do not observe any 

difference in selenocyanate species removal (Figure 54-b). However, we note maximum 

of 30 and 65% total selenium removal at 120 min for the 0.5 and 1.5 g/L Fe(III)/SiO2 

systems, respectively (Figure 54-a). Similarly out of selenite and selenate removal trends, 

it is only selenate species for which we note higher removal at higher Fe(III)/SiO2 amount 

(Figure 54-c and Figure 54-d, respectively).For example, about 40% selenate removal is 

noted for the 0.5 g/L system at 240 min, whereas approx. 65% removal transpires at 1.5 

g/L Fe(III)/SiO2.  

Furthermore, two more experiments were conducted at pH 5 and 15 mg/L selenocyanate, 

with respective results shown in Figure 55-(A&B) and Figure 56-a-d. The Total selenium 

removal increases with an increase in the binary oxide amount, i.e., approx. 40 and 96% 

removals are noted for 0.5 and 1.5 systems, respectively (Figure 56-a). Though 

qualitatively the total selenium, selenocyanate, and selenite removal trends (Figure 56-a-

d) are similar to those reported in Figure 54-a-d, however, it is the selenate removal trends 

that unlike the previous results show significant removal at increased Fe(II)/SiO2 amount 

and pH. Higher adsorbent amount added to the system increases the available sites to 

adsorb selenium associated species, and hence increasing the overall total selenium 

removal efficiency. Figure 52 that reports uses of 1-g/L Fe(III)/SiO2 at pH 5 for 10 mg/L 

selenocyanate removal also shows near complete total selenium and selenate removals, 



  

103 

 

whereas Figure 50 that reports results at higher 20 mg/L selenocyanate shows incomplete 

removals. The findings indicate that along with pH, the optimum Fe(III)/SiO2 amount will 

also define the total selenium removal efficiency depending on the initial selenocyanate 

amount. 
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Figure 53 (A&B) The removal of dissolved selenium associated species during the 

destruction of selenocyanate complex using photocatalysis with Fe(III)/SiO2 

system (20 mg/L selenocyanate, 1 g/L TiO2, pH 7, 15 W UV lamp, (A): 0.5 g/L 

Fe(III)/SiO2, (B): 1.5 g/L Fe(III)/SiO2). 
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Figure 54 The effect of Fe(III)/SiO2 amount onto the removal of selenium species: (a) 

total selenium, (b) selenocyanate, (c) selenite, and (d) selenate, remaining during 

the selenocyanate complex destruction using photocatalysis with Fe(III)/SiO2 

system (20 mg/L selenocyanate, 1-g/L TiO2, 15 W UV lamp, pH 7). 
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Figure 55(A&B) The removal of removal of all dissolved selenium associated species 

during the destruction of selenocyanate complex using photocatalysis with 

Fe(III)/SiO2 system (15 mg/L selenocyanate, 1 g/L TiO2, pH 5, 15 W UV lamp, 

(A): 0.5 g/L Fe(III)/SiO2, (B): 1.5 g/L Fe(III)/SiO2). 
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Figure 56 The effect of Fe(III)/SiO2 amount onto the removal of selenium species: (a) 

total selenium, (b) selenocyanate, (c) selenite, and (d) selenate, associated during 

the selenocyanate complex destruction using photocatalysis with Fe(III)/SiO2 

system (15 mg/L selenocyanate, 1-g/L TiO2, 15 W UV lamp, pH 5). 
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5.5.2.4 Effect of initial selenocyanate concentration onto photocatalysis  

The previously reported, results from Figure 49 and Figure 51 are re-arranged in Figure 57 

and Figure 58 to compare the effect selenocyanate amount onto its removal. We note small 

changes in the respective selenium species removal with an increase in initial 

selenocyanate concentration, at both pH 5 and 9. In summary, the TiO2 photocatalysis 

based selenocyanate complex destruction, and simultaneous adsorption of selenium 

oxyanions (selenite and selenate) by Fe(III)/SiO2 at acidic pH is a viable option for 

treatment of respective waste streams. 
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Figure 57 The effect of initial selenocyanate concentration onto the removal of selenium 

species: (a) total selenium, (b) selenocyanate, (c) selenite, and (d) selenate, 

associated during the selenocyanate complex destruction using photocatalysis 

with Fe(III)/SiO2 system (1 g/L Fe(III)/SiO2, 1 g/L TiO2, 15 W UV lamp, pH 5). 
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Figure 58 The effect of initial selenocyanate concentration onto the removal of selenium 

species: (a) total selenium, (b) selenocyanate, (c) selenite, and (d) selenate, 

associated during the selenocyanate complex destruction using photocatalysis 

with Fe(III)/SiO2 system (1 g/L Fe(III)/SiO2, 1 g/L TiO2, 15 W UV lamp, pH 9). 
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6 CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS  

6.1 Conclusions  

The removal of selenocyanate (SeCN−) species was investigated in the present work using 

different iron-based technologies including, classical Fenton process, photo-Fenton (PF) 

process, two-line ferrihydrite (2LFh), and Fe(III)/SiO2 binary oxide systems, and a 

combination of TiO2-based photocatalysis with adsorbent 2LFh and Fe(III)/SiO2 binary 

oxide. Initial results from using only Fe(II) species revealed its poor role for selenocyanate 

removal even in the presence of UV light. However, use of simple Fenton reaction at acidic 

pH showed higher selenocyanate removal. Furthermore, the adsorption of selenocyanate 

species onto 2LFh was also assessed. 2LFh species showed lower affinity for selenocyanate 

adsorption at acidic conditions. Langmuir isotherm model was suitable to describe 

selenocyanate adsorption onto 2LFh, and the adsorption kinetics data better fitted to second 

order kinetics model. Moreover, use of 2LFh along with TiO2-PCD offered a viable process 

for the treatment of selenocyanate contaminated waters. Simply, TiO2-based photocatalysis 

destroyed selenocyanate complex, and the produced selenium oxyanions (selenite, 

selenate) were adsorbed onto 2LFh. This process was affected significantly by pH 

conditions. Total selenium removal decreases significantly as pH increases. Furthermore, 

the response surface methodology (RSM)-based models also showed that the RSM 

approach can be used to predict aqueous phase selenocyanate removal under a varying set 

of operational conditions. The adsorption of selenocyanate using (Fe(III)/SiO2) binary 

oxide system showed comparatively lower selenocyanate removal. The adsorption data 
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better fitted to Freundlich isotherm model. The combination of TiO2 photocatalysis with 

Fe(III)/SiO2
 based adsorption was also used for the degradation of selenocyanate followed 

by the removal of released selenium species via adsorption onto Fe(III)/SiO2. Near 

complete selenium removal was noted at acidic pH. However, selenium removal deceased 

with an increase in pH. In general, the present work shows successful removal of 

selenocyanate species from aqueous phase under varying set of process conditions using 

several Fe-based systems.    

6.2 Recommendations 

Based on the outcomes of this research, it is recommended that further research be 

conducted as mentioned below: 

1. The adsorption of selenite species onto 2LFh should be investigated. 

2. The competitive adsorption of multicomponent selenite, selenate, and 

selenocyanate onto 2LFh and Fe(III)/SiO2 should be assessed. 

3. The efficiency of TiO2/2LFh and TiO2/Fe(III)-SiO2 photocatalysis systems for 

selenocyanate removal in the presence of specific co-pollutants such as phenol 

should also be investigated.  
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