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ABSTRACT 

A green and low-cost method for nZVI fabrication was developed in this thesis using 

FeCl3 as the source of iron and yerba mate (Ilex paraguariensis) extract as the reductant. 

The extract showed an impressive high content of polyphenols, up to 28.14 GAE (gallic 

acid equivalent), which is much higher than that in most of reported plants extract. 

 

We investigated the effect of iron to GAE ratio on nZVI, as well as optimize iron 

particles as a benchmark of zeta-potential and Cr(VI) reduction capacity. nZVI 

fabricated from molar ratio of 0.89 Fe(III)/GAE showed the best performance and was 

selected for further exploration of Cr(VI) and sulfamethazine removal. The optimized 

nZVI was studied with a series of characterizations, indicating that nZVI particles were 

amorphous, with high colloidal stability and spherical shape of 7.8 ± 2.1 nm diameter. 

Several functional groups on iron particles surface were related to the phenol ligands 

cap of the iron particles. In this second part, several influential factors were explored. 

We concluded that there is higher efficiency for Cr(VI) removal at acidic solution, and 

the reaction was easily happed due to the low activation energy of 35.01 kJ/mol. The 

product was immobilized on the particles surface. In the third part of the thesis, nZVI 

was applied to catalyze H2O2 for degrading sulfamethazine. A series of experiments 

were conducted to find the optimal experimental condition, and the results indicated an 

excellent sulfamethazine removal efficiency for Fenton treatment process with minute 

H2O2 concentration. 
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1. INTRODUCTION 

1.1 Chromium 

Heavy metals are generally defined as the transition metals whose density are more 

than 4.5 g/cm3 and possessing adverse effects on organisms and the environment they 

living in. 1 Heavy metals could be introduced to the soil and natural water area by 

mining, geochemical weathering process and industrial effluent. 2, 3 Generally, large-

scale and dramatically severe heavy metal contamination results from mining 

activities under irresponsible practices and industrial wastewater from dyeing, 

electroplating and tanning might be the top three pathways. Irretrievable disasters 

would be triggered and suffered even if the initial concentration of metal ions in 

drained effluent isn’t notably high, because those heavy metals can be accumulated to 

a considerably high concentration in living beings due to bioaccumulation, and they 

are capable of being precipitated and adsorbed to gravel or sand particles in river 

sediments or soil. According to the research during recent few decades, the 

deterioration of flourishing ecosystem as well as harm to their inhabitants might be 

caused by prolonged exposure to heavy metal ions. 4  

 

Some of those heavy metals are bio-elements and considerably critical for both the 

physiological and biochemical functions in living organisms when they are at a very 

low concentration. Meanwhile, those heavy metals are poisonous when the certain 

threshold concentration has been reached, since most of them are able to constitute 
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complexes with functional proteins containing amidogen and sulfydryl, then many 

vital enzymes would be inactivated for their active sites occupied by heavy metals 

complexes. 5 Besides the dosage, the toxicity of heavy metals is also related to the 

speciation, chromium ions in trivalent form Cr(III) possesses decent biocompatibility 

and being benign to the living organisms, while the hexavalent chromium Cr(VI) was 

found to be carcinogenic in humans.6 Nevertheless, appropriate amount of total 

chromium is expected to be maintained rationally since the trivalent chromium can be 

converted to hexavalent chromium at oxidation environment. As one of the most 

abundant transition metals, chromium has been chosen as the research object in this 

project. Additionally, hexavalent chromium contamination and its reduction to Cr(III) 

was explored and experimented specifically. 

 

Chromium is a steel-grey, brittle and hard metal, it was found by French chemist 

Louis Vauquelin in 1797. The name chromium is derived from the Greek word 

chroma which means color, because chromium compounds possess many different 

colors. 7 Chromium is the 21st most abundant element and the 6th most abundant 

transition metal in the earth. Ferric chromite (FeCr2O4), crocoite (PbCrO4) and 

chrome ochre (Cr2O3) are the three most common sources of chromium ore. 

Chromium exists at 2+, 3+ and 6+ oxidation state, but divalent chromium is readily 

oxidized to trivalent and hexavalent, so the hydrolysis of divalent chromium is rare to 

be found. Meanwhile, the hydrolysis of trivalent and hexavalent chromium is 

considerably complicated, the valences of chromium in mononuclear species 
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Cr(OH)2+, Cr(OH)2
+, Cr(OH)4

-, neutral species Cr(OH)3
0 and polynuclear species 

Cr2(OH)2
4+ and Cr3(OH)4

5+ are all at 3+ oxidation state. For hexavalent chromium, 

CrO4
2-, HCrO4

2- and Cr2O7
2- are the most hydrolysis species. The species CrO4

2- 

predominates when the solution pH is higher than 6.5, while Cr2O7
2- will be the 

predominant form when the concentration of chromium and pH is high and low 

respectively, which can be inferred from Equation (1-1) and (1-2). 4 The predominant 

hydrolysis species at various pH change are shown in Figure 1.1.8 

 

Cr2O7
  2−  + 2 OH−  

                       
↔       2 CrO4

  2−  + H2O (1-1) 

2 CrO4
  2− + 2 H+  

                       
↔       Cr2O7

  2− + H2O (1-2) 

 

 

Figure 1.1 Speciation diagram of Cr(VI). Source: Dionex 

 

Chromium in trivalent state is a considerably vital element for mammalian 

metabolism, while hexavalent chromium is absolutely recognized as a toxicant for 

humans and other living organisms. Hexavalent chromium is so highly oxidizing that 

it can severely damage the cells and tissues of the living organism. 5 Additionally, the 
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hexavalent chromium is more soluble and mobile than the trivalent chromium, so 

hexavalent chromium contamination may result in more severe consequences. 

According to the report of World Health Organization (WHO), trivalent chromium in 

environment is almost totally presented naturally while the hexavalent chromium is 

commonly originated from human activities. Chromium contamination has been 

become an extremely emergent during the last few decades due to the increased 

effluent containing chromium as well as irresponsible chromate ore mining under 

poor protection. More specifically, chromium particles from electroplating plants and 

chromate containing colloids from ore mining process is emmited to the atmosphere, 

and the chromium-containing wastewater which are usually from dying, plating and 

tanning facilities is discharged to the natural water areas including but not limited to 

rivers and lakes. Such kinds of industrial emission and discharging contamination 

have totally led to a series of dramatically serious consequences. Accordingly, 

chromium is identified as one of the 17 toxic pollutants which pose the greatest threat 

to humans by Environmental Protection Agency (EPA). 9 

 

1.2 Sulfamethazine 

Veterinary antibiotics have been universally used to protect animals’ health 

prophylactically and treat their diseases. Taking the United States for instance, there are 

around 60-92 million swine, 7.5-8.6 billion chickens, 275-292 million turkeys and 104-

110 million cattle that are feed with food containing varieties of veterinary 

pharmaceuticals (VPs).10  
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There are several predominant pathways for antibiotics to enter the aqueous 

environment. 11 Given that just a considerably limit amount of antibiotics will be 

absorbed by the animals’ body, the majority of antibiotics added to the animals’ food 

will be excreted from the organism with the urine and feces. 11 In many countries, 

animals waste is recognized as a perfect succedaneum to chemical fertilizer and is 

widely applied to the land for its toxic-free and harmless property and economic value. 

11 In this way, residual antibiotics in the animal waste could be lavishly discharged to 

the environment. Additionally, there are few pathways for antibiotics entering human 

body, including but not limited to meat and dairy products derived from beef and 

lactating dairy cattle being feed with food containing antibiotics. 11 

 

Basically, the initial concentration of veterinary antibiotics in aqueous environment is 

not considered to be hazardous to environment and human health even if the application 

of VPs has become an integral part of the animal food industry. For example, the 

maximum concentrations of flumequine and oxytetracycline in sediments sampled 

from three sea-bass farms and two trout farms are 246.3 and 578.8 µg/kg respectively,12 

which are much lower the EC50 of EPA regulation. Nevertheless, the potential disastrous 

consequences cannot be ignored due to VPs’ recalcitrance and stable chemical property, 

namely, the majority of antibiotics existing in the aqueous system and sediments cannot 

be biodegraded and transformed, so those veterinary antibiotics will be transported and 

can potentially impact sites at long distances from the source. Alternatively, the VPs 
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can be continuously accumulated and their concentration reach high levels, causing an 

irredeemable disaster. 

 

Sulfamethazine, as a typical sulfonamide-class antibiotic, is applied widely for animal 

agriculture. Over 400 tons of sulfamethazine will be added annually to the feed of cattle 

and swine production in the US.13 The main characteristics and chemical structure of 

sulfamethazine is schematically depicted in Fig.1.2.1. 14 The sulfamethazine molecule 

is composed of a sulfanilamide group and a six-member heterocyclic ring with two 

methyl groups and two nitrogen-atoms. The main antibiotic mechanism of 

sulfamethazine involves the sulfonamide group action as inhibitor of the p-

aminobenzoic acid conversion; sulfanilamide-class antibiotics are analogues of p-

aminobenzoic and compete with it for the demand of dihydrofolate reductase (DHFR), 

the precursor and main ingredient of folic acid. As the result of lacking folic acid 

synthesis, the DNA replication of organisms is stopped.15 Sulfamethazine possesses 

extremely wide spectrum and is antibiosis-effective for many Gram-negative and most 

of Gram-positive bacterial growth. 
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Fig. 1.2.1. Characteristics and chemical structure of sulfamethazine14 

 

1.3 Tea polyphenols 

Tea polyphenols, including theaflavins, catechins and thearubigins, are present in all 

kinds of tea leaves, which are recognized as a health benefit plant. 16 The consumption 

of tea being rich in polyphenols is potentially able to ameliorate or prevent some certain 

chronic diseases, including but not limited to cancer, coronary heart disease and high 

blood cholesterol concentration. 16 One of the most critical health-benefit reasons of tea 

are ascribed to their antioxidative property, highly antioxidative tea polyphenols can 

scavenge extra oxidation radicals, including singlet oxygen, peroxyl radicals and 

superoxide, which are one of the predominant cancer-causing factors, in vivo. 16 And 

the potential mechanism for the oxidation radicals scavenging is due to the reductive 

structure of tea polyphenols. Taking epicatechin gallate (Fig. 1.3.1) for instance, that 

the 5 and 7 position of the A ring, the ortho-3’ 4’ -dihydroxyl (catechol) group in the B 

ring and the gallate group esterified at the 3 position of the C ring are able to contributed 

to the antioxidative property. 16 
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Fig. 1.3.1. Antioxidant functional group of epicatechin gallate 

 

Yerba mate, made from an infusion of the leaves of the tree ilex paraguariensis, has 

widely penetrated the South American market. Compared to other tea species like green 

tea and black tea, the polyphenols compounds found in mate extract are considerably 

different, because there is limited amount of theaflavin and catechin in mate tea while 

containing dramatically concentration of chlorogenic acid (CGA) and other caffeoyl 

derivatives, which are the main effective compounds for highly antioxidant capacity. 

The structure of four representative caffeoyl derivatives has been illustrated below in 

Fig. 1.3.2. 17, 18 
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Fig. 1.3.2. The structure of representative caffeoyl derivatives, including chlorogenic 

acid, 4,5-dicaffeoylquinic acid, 3,5-dicaffeoylquinc acid and 3,4-dicaffeoylquinic 

acid. 18 

 

Therefore, tea extracts are highly antioxidative as well as benign to human-beings and 

natural environment. In this case, tea extracts (tea polyphenols) has been applied to the 

experimental research and industrial production as the green reductant for their 

economic, ecological and highly antioxidative properties. 19 

 

1.4 nZVI 

Nanomaterials have raised a massive revolution on the remediation of environmental 

contamination during the last decades. There are two factors of nanoscale particles that 

made them widely studied and applied in laboratory and industries. The first one is due 

to their small sizes, nanoscale particles are able to penetrate effectively through the 

porous soil surface down to reach deep contaminated layers with no significant 
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aggregation or deposition. 20 Equally significant, the other factor is their extremely 

reactive and adsorption capacity. The specific surface area, also named ratio of surface 

area to volume, of particles increases with decreasing size. Namely, compared to the 

bulk, more atoms of nanoscale particles with high-energy dangling bonds are exposed 

to the surface, thus, the particles and materials surrounded the exposed atoms might be 

adsorbed to offset the high and unstable energy of these surface atoms. 21 

 

As a sort of metallic particles, nanoscale zero-valent iron (nZVI) particles possess the 

characteristics of strong reducibility, low toxicity and environmentally friendly 

preparation processes. Due to those kinds of merits, nZVI has been researched and 

applied extensively in recent decades. In terms of experimental research, nZVI has 

displayed effective properties as remediation reagent on the degradation of large 

amount of chlorinated organic contaminants such as chlorinated solvents like 

trichloroethylene (TCE). 20, 22 In addition, nZVI did also work effectively on inorganic 

contaminants including cadmium ions. 23 

 

On the other hand, one of the industrial application is the permeable reactive barriers 

(PRBs), which is usually installed in the groundwater path as vertical treatment walls, 

and the pollutants in contaminated ground water can be converted or fixed to get 

detoxification when water flow through the barriers. 24 The structure and mechanism is 

illustrated below in Fig. 1.4.1. 25 
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Fig. 1.4.1. PRBs treat a plume of groundwater contaminants 25 

 

During these several decades’ development, a vast number of methods for nZVI 

fabrication have been explored and perfected, including bottom-up and top-down 

approaches. Due to high reaction and rates as well as convenient operation, the bottom-

up approach where sodium borohydride (NaBH4) is used to reduce corresponding ferric 

or ferrous complexes is widely applied to synthesis nZVI and almost become the most 

common synthesis pathway.26 However, the toxicity of sodium borohydride and the 

production of flammable hydrogen gas during the reaction process do betray the 

prevailing green chemistry principles and is expected to be further considered 

carefully.27 

 

Recently, more interests were focused on the green chemistry principles in the 

nanomaterials preparation. 28, 29 Increasing biodegradable polymers or surfactants were 

attempted to cap nanoparticles and prevent their aggregation tendency. Additionally, 

extracts from plenty of plants were tried as the reducing reagent to fabricate iron 
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particles. 30 One of the major drawbacks of preparing nanoparticles with plants 

resources is the plants and their parts destruction. 31 

 

In this project, the green bottom-up synthesis method is applied to prepare nanoscale 

iron particles, the extract from a particular kind polyphenols-rich tea plant, yerba mate, 

described in the previous section was used as substitute for sodium borohydride. The 

tea polyphenols extract used in this experiment function both as the nontoxic reducing 

agent and as the capping reagent which can prevent iron particles to directly contact 

with each other and being aggregated, and no hazardous wastes would be generated 

during and after the synthesis process. Additionally, the synthesis process is conducted 

in ambient temperature and pressure, which means this green method is indubitably 

easier than the common borohydride reduction.19 

 

1.5 Fenton Reactions 

Fenton reaction, as an advanced oxidation process, has garnered a tremendous amount 

of attention since it was first observed by Henry J. Fenton. The history of Fenton 

reaction can be dated to 1894, that ferric salts can activate hydrogen peroxide to oxidize 

tartaric acid was reported by H.J.H. Fenton. 32 Acknowledgedly, there were two 

different mechanisms to explain the dramatically strong oxidizing of Fenton reagent, 

the radicals theory from Haber and Weiss, 33 while Bray and Gorin 34 came up with the 

theory of ferryl ions, and these two explanations haven’t been determined or 

distinguished completely for now. Nevertheless, the radicals theory was reported more 
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widely in the academia compared to the theory of ferryl ions, which has been being 

polished and perfected ceaselessly during the past few decades. 35-37 

 

According to the radicals theory, transition metal ions, especially ferric ions can 

function as the dramatically effective catalyst to enhance the oxidation capability of 

hydrogen peroxide, a huge amount of hydroxyl radicals could be generated at this 

reaction process. Besides, other radicals like peroxyl radicals (O2•) and hydro-peroxyl 

radicals (HOO•) would be also generated in Fenton reaction process. The major 

effective thermal Fenton reactions were expressed as chemical Equation (1-3) and (1-4), 

which has been shown below. 32 During the oxidation process, hydroxyl radicals would 

be the predominant kind of oxidant although several other radicals are also existed in 

the Fenton system, because the oxidation potential of hydroxyl radical is 2.80 eV (E0 = 

2.80 eV), which is much higher than that of hydro-peroxyl (HOO•) radical which is 

1.51 eV. 

 

Fe2+ + H2O2  
              
→     Fe3+ +  HO • +OH− (1-3) 

Fe3+ + H2O2  
              
→     Fe2+ +  HOO • + H+ (1-4) 

 

Meanwhile, the alternative mechanism - theory of ferryl ions - assumed that the active 

intermediates were the ferryl ions, [FeIVO]2+, which were the functional species 

produced during the catalysis of H2O2 instead of radicals. The reaction equation was 

shown at Equation (1-5), the oxidation potential of the product FeO2+, E(Feaq
4+/Fe3+), 



14 

 

was about 1.65 eV at pH 3, which was less than that of HO∙. 38 

 

Fe2+ + H2O2  
              
→     [FeVIO]2+ + H2O (1-5) 

 

There is no doubt that Fenton system possesses extremely high catalysis capacity for 

an enormous number of contamination degradation, 36, 39-43 but such kind of 

homogeneous Fenton system has a serious disadvantage as well. The main defect was 

that iron-contained catalysts can’t catalyze the homogeneous Fenton reaction 

effectively until the dosage of ferric/ferrous ions increased to 50 – 80 ppm in the 

solution. Nevertheless, the iron ions up to 50 ppm was absolutely violated the directives, 

published by European Union, that the concentration of ferrous/ferric ions in treated 

water should be lower than 2 ppm before they are allowed to discharged into the 

environment. 44 Additionally, the water pH was supposed to be adjusted to 3 to reach 

the optimal effect for Fenton reaction, and the effluent after the treatment process must 

to be neutralized before the discharging. A large amount of ferric complexes sludge 

would be produced during the water neutralization process. 45 

 

In this situation, the concept of heterogeneous Fenton system has been come up with, 

solid-state catalyst like metallic iron and iron oxides have tried to be applied to trigger 

the Fenton reaction. Additionally, some porous solid materials have been introduced to 

support and immobilize the Fe ions or iron oxides. For instance, clays were used to 

support for dye degradation, 46 additionally, zeolites and activated carbons were applied 
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to degrade phenols. 47, 48 Nevertheless, the triggering process of heterogeneous Fenton 

reaction is slightly difficult compared to homogeneous Fenton system. In this case, 

high-energy UV has been applied to assist the triggering of heterogeneous Fenton 

reaction. 

 

Being different from the homogeneous system, there were several processes for 

heterogeneous reaction. The whole reaction process was initiated with the diffusion of 

reactants to the catalysts’ surface, then the complex of catalyst and reactant would be 

formed on the surface. After that, the reaction would be occurred via the electrons 

transferring process, and the products would be detached from the catalyst after the 

chemical reaction. Lastly, the catalysts might go through the regeneration of active sites 

and be able to catalyze the reaction continuously. Taking the ferrous salts for instance, 

the heterogeneous reaction processes, based on theory of radicals and ferryl ions, were 

illustrated at Equations (1-6) to (1-10). 

 

≡ FeII ∙ H2O + H2O2  
                 
→      FeII ∙ H2O2

                 
→      ≡ FeIII + HO ∙  +OH− (1-6) 

≡ FeIII + H2O2  
                 
→      ≡ FeIII ∙ H2O2  

                 
→      ≡ FeII + HOO ∙  +H+ (1-7) 

≡ FeII + H2O2  
                 
→      ≡ FeIV + 2OH− (1-8) 

≡ FeIV + H2O2  
                 
→      ≡ FeII + O2 + 2H

+ (1-9) 

≡ FeIV+ ≡ FeII  
                 
→      ≡ FeIII (1-10) 

 

Where ≡ FeII, ≡ FeIII and ≡ FeIV represents the ferrous, ferric and ferryl ions on the 
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surface of iron oxides.  

 

In this study, photo-assisted (UV) heterogeneous Fenton reaction was applied to 

degrade sulfamethazine, and the green nanoscale zero-valent iron (nZVI) particles have 

been introduced as an alternative catalyst of regular ferric ions. Hypothetically, there 

are three major step reactions included: First, there would be an adsorption process due 

to the dramatically high specific surface area of nanoscale zero-valent iron particles, 

contaminants, including but not limited to sulfamethazine in the aqueous system, would 

be adsorbed by the nZVI for offsetting the high energy of surface atoms. Thus, this 

physical adsorption process is non-selective but effective. Second, given the reduction 

potential of Fe/Fe2+ is -0.44 eV, which means metal iron is a fair reductive chemical, 

solid zero-valent iron particles will react with sulfamethazine in some extent. Third, 

ferrous and ferric ions produced by the last redox process will catalyze hydrogen 

peroxide to generate plenty of hydroxyl radicals which can further oxide and damage 

the target contaminant sulfamethazine.  

 

Acknowledgedly, the low reaction rate of recycle of Fe(III)/Fe(II) was the constrain for 

regular Fenton reactions, while in this study, the ferric ions produced would be reduced 

instantly via the comproportionation, which was displayed at Equation (1-11). 

Additionally, the residual solid iron particles after reaction could be recycled if 

applicable. 
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2Fe3+ + Fe0  
                 
→      3Fe2+ (1-11) 

 

Meanwhile, there was no adsorption or reduction process in the homogeneous Fenton 

system, and the recycle rate of Fe(III)/Fe(II) was extremely low, with 3 orders of 

magnitudes less than that of its generation at Equation (1-3). Thus, plenty of 

inadequacies of regular homogeneous Fenton reaction system will be occurred 

compared to heterogeneous photo-Fenton system applied in this study.  

 

1.6 Objectives 

The overall objective of this study is to fabricate nZVI through a green chemical route 

and evaluate them for contaminated water treatment. 

 

The specific objectives are: 

1. To synthesize and characterize ZVI nanoparticles following a green chemistry 

method. 

2. To investigate their reduction activity using the Cr(VI) to Cr(III) reduction 

reaction as a benchmark. 

3. To apply the fabricated ZVI particles to the degradation of the antibiotic 

sulfamethazine as a result of a combination of reduction and Fenton reactions. 

 

Nontoxic yerba mate containing an incredibly huge number of polyphenols was 

applied to fabricate nanoscale zero-valent iron (nZVI) particles. This ecological 
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method avoids several disadvantages of nZVI reduced by borohydride, which 

includes the inflammable and explosive hydrogen gas generated during the production 

process, the highly toxicity of borohydride, as well as the property of easily-oxidized 

and low stability due to the bare particle surface. 

 

nZVI was wildly applied as the adsorbent and reductant for contaminants remediation. 

In this study, the optimal tea extract nanoscale iron (TE-nZVI) particles could be 

seized for future exploration as a benchmark of the performance of Cr(VI) removal 

test, which could manifest the combining capacity from adsorption and reduction. The 

influential factors including pH, reactants ratio and temperature for Cr(VI) removal 

were explored to find the optimal reaction conditions and parameters, which could 

support the industrial application in large scale. 

 

The antibiotic sulfamethazine was degraded with the photo-assisted Fenton system 

based on TE-nZVI catalysis. Being different from other catalysts, TE-nZVI particles 

were able to act as the effective adsorbent during the Fenton reaction and adsorb 

sulfamethazine molecule and its by-products to reduce the secondary pollution. 

Additionally, the tea polyphenols existed in nZVI suspension could be utilized by 

microorganisms as the feed, which could increase the biodegradability and abate the 

contamination further. 

  



19 

 

2.  MATERIALS AND METHODS 

2.1  Materials 

The experimental reagents used in this project were listed at Table 2-1.  

 

Table 2-1 Reagents used in experiments 

Reagents Purity Supplier 

Yerba Mate Tea N/A (food grade) Cruz de Malta, Mate L. Mendez, Argentina 

Folin-Ciocalteu Reagent 

2.0 N 

Certified ACS Sigma-Aldrich, US 

Sodium Carbonate Extra Pure Acros, US 

Gallic Acid Certified ACS Sigma-Aldrich, US 

Sulfuric Acid Certified ACS Plus Fisher Scientific, US 

Sodium Hydroxide Certified ACS Acros, US 

Iron Chloride 

Hexahydrate 

Certified ACS Fisher Scientific, US 

Potassium Dichromate Certified ACS Fisher Scientific, US 

1,5-Diphenylcarbazide Certified ACS Fisher Scientific, US 

Acetone Optima (ACS Specifications) Fisher Scientific, US 

Sulfamethazine HPLC Grade Sigma-Aldrich, US 

Hydrogen Peroxide Certified ACS Fisher Scientific, US 
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Sodium Sulfite Certified ACS Sigma-Aldrich, US 

Acetonitrile HPLC Grade Fisher Scientific, US 

Phosphoric acid HPLC Grade Honeywell, US 

 

2.2  Experimental Methods 

2.2.1 Yerba Mate Extract 

Yerba mate extract in this study was prepared by stewing 50 g L-1 of yerba mate dried 

leaves at 80℃ for 2 hours on the digital hot plate/stirrer (HS30, Torrey Pines Scientific, 

US). The stirred rate was kept at 300 r/min, and supernatant after 5 minutes of 8000 

r/min centrifugation by a high-speed centrifuge (5810 R, Eppendorf, US) was collected 

as the reducing and capping reagents for nanoscale zero-valent iron particles fabrication, 

the tea extract was stored in 1 L volumetric flask at 4℃. 

 

Tea polyphenols concentration in the extract was quantified and expressed as gallic acid 

equivalent (GAE). 49 In the procedure for the determination of GAE, 500 μl of each 

sample supernatant, standard gallic acid solution, and blank pure water were added to 

20 mL glass vials respectively, and then 1 mL of 10% Folin-Ciocalteu reagent 2.0 N 

and vortexed thoroughly. Then, 4 mL of 700 mM Na2CO3 solution was added into each 

vial, and those assay vials are incubated at room temperature for 2 hours. After the 

reaction, an aliquot of each solution was sampled to read the absorbance at 765 nm. In 

this case, the calibration curve of gallic acid and the regression curve can be plotted and 

calculated, then total phenolics can be calculated as gallic acid equivalents using the 
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regression equation of the gallic acid calibration curve. 

 

2.2.2  nZVI Fabrication 

In the fabrication of nZVI particles, dissolving 27.05 g FeCl3·6H2O into ultrapure water, 

prepared by the water purification system (60268, Thermo Scientific, US) to prepare 

0.1 M FeCl3 solution, then adding 4 mL tea extract with a determined phenolic content 

(GAE) into 1 mL of 0.1 M FeCl3 (0.1 micromoles) solution drop wise, and then the 

resulting solution was vortexed thoroughly for 2 min to make sure they were completed 

reacted. The reactants ratio was expressed as “μmol Fe3+/μmol GAE”. 

 

All the synthesis process of nZVI suspension was conducted in ambient temperature 

and pressure, as well as being exposed to air with no degassing pretreatment or nitrogen 

protection, nanoscale iron particles were generated and stored at the complex tea extract 

solution, which was much environmentally friendly than the traditional borohydride 

reducing method. The nZVI suspension applied in the subsequent experiments were all 

used immediately after being prepared. The chemical reaction was proposed below at 

(2-1). 

 

 (2-1) 

  

In order to evaluate the properties of nZVI prepared with tea extract in this study 

intuitively, other type of iron particles was synthesized with traditional method for 
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comparation. The difference, including characterization and contaminants remediation 

capacity, between these two types of nanoscale zero-valent iron particles – reduced by 

tea extract (TE-nZVI) and sodium borohydride (BH-nZVI) – were compared. The 

procedures operated in this study was mainly based on a previous reported one with 

some modification. Preparation of ferric chloride solution for BH-nZVI fabrication was 

slight different with TE-nZVI, the sample of 27.05 g FeCl3·6H2O was dissolved in 1 L 

of absolute ethanol and ultrapure water solution (4:1, v/v), and the reducing reagent was 

prepared by weighting 151.32 mg NaBH4 into ultrapure water to prepare 40 mL of 0.1 

M NaBH4 solution, the reducing reagent was prepared in a small amount each time and 

used instantly due to the instability of borohydride ions in aqueous solution. The BH-

nZVI was synthesized by adding 4 mL of 0.1 M NaBH4 into 1 mL FeCl3 solution drop 

wise, and then the resulting solution was vortexed totally for 2 min before the 

application. The reaction occurred for BH-nZVI synthesis was shown below at (2-2). 

 

2Fe3+ + 6BH4
− + 18H2O 

                     
→       2Fe0 + 6B(OH)3 + 21H2 (2-2) 

 

2.2.3 Characterization 

The nZVI irons were characterized with respect to several properties which might affect 

their application to contaminants degradation, and it also explains the phenomenal 

during the interaction between nZVI and contaminants in the micro perspective of view 

as well. The techniques used include surface charges, dynamic light, electron 

microscopy, X ray etc. 
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2.2.3.1 Adsorption Capacity 

Besides the excellent reduction capacity, nZVI particles were also reported to possess 

decent adsorption capability, hence, this experiment was designed and conducted to 

investigate the adsorption performance of TE-nZVI. 

 

Methylene blue, a common cationic dye, was chosen as the indicator to invest the 

adsorption capacity of TE-nZVI in this study. The experiment was initiated by adding 

5 mL of TE-nZVI suspension (5.6 mg Fe0) into 100 mL of 10 ppm methylene blues 

solution where the pH was adjusted to 4 by 0.1 N HCl. After 60 min’s reaction, the 

solution pH was adjusted to 1.0 (±0.1) via the concentrated 35% wt HCl to dissolve all 

iron particles suspended in the solution and release the methylene blue molecules 

adsorbed. The reactor was covered by alumina foil during the whole reaction to avoid 

the influence of visible light, and samples were taken out periodically to measure the 

residual concentration in the solution at 666 nm, where the specific peak for methylene 

blue shown up. 

 

2.2.3.2 Zeta-potential & Hydrodynamic Size 

Zeta-potential, which is the potential difference between the slipping plane of a particle 

suspended in a dispersion medium, regarded as a critical indicator for particles’ stability 

in dispersion solution. In addition, when a particle soaks in the liquid medium, solvent 

molecules and ions will be attracted to its surface and formulate a thin electric dipole 



24 

 

layer via varies of non-covalent interactions, including but not limited to Van der Waals 

forces, hydrogen bonding and pi-pi stacking. The hydrodynamic size, which can be 

measured by Dynamic Light Scattering (DLS), is defined as the size of particles in 

solvated state in which solvent molecules and ions are adhere on the particles’ surface, 

while the size characterized by transmission electron microscope (TEM) is measured 

from particles in dried state. As illustrated at Figure 2.1, Rh refers to the hydrodynamic 

radius, which is mostly above the particles size characterized by TEM for the additional 

electric dipole layer. 

 

 

Figure 2.1 Schematic of hydrodynamic diameter 

 

The zeta-potential and hydrodynamic diameters for each group of nZVI fabricated by 

different Fe(III)/GAE ratios was measured with a ZetaSizer Nano ZS (Malvern 

Instruments, Worcestershire, U.K.) in triplicate after the iron particles concentration 

was diluted approximately to 3 mg/L with ultrapure water, and the pH of dispersion 

solution was adjusted to 4 with 0.1 M HCl and 0.1 M NaOH solution. Besides, that the 
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zeta-potential and hydrodynamic diameter of nZVI particles possessing the optimal 

stability as a function of pH from 3 to 11 was measured according to the same 

experimental method descripted above. 

 

2.2.3.3 TEM 

Transmission electron microscopy (TEM) (40-120 kV, JEM-1400, JEOL, Japan) is a 

microscopic technique where a beam of electrons is transmitted through a specimen to 

form an image, and certain microscopic structures of the specimens can be observed 

from the images, and the voltage applied in this experiment is 120 kV. TEM images of 

nZVI generated in several different reactants ratios, as well as the optimal (chosen) 

nZVI applied to the hexavalent chromium degradation, the group of experiment in 

Section 2.2.5 where the dosage of nZVI is 5 mL (5.6 mg Fe0), were observed. 

 

2.2.3.4 XRD 

X-ray diffraction (XRD) (MPD, Philips, US) is a physical phenomenal where a beam 

of incident X-ray with a specific angle to crystalline atoms was diffracted by those 

atoms to many certain of directions, which has been illustrated in Figure 2.2. 50 More 

specifically, the downmost X-ray will run 2sinθ longer path than the upmost one, and 

based on the theorem of wave-particle duality, the waves (or particles) possess different 

status at different time, and two different status waves (or particles) can interact with 

each other. According to the Bragg’s law, showed in Equation (2-3), by measuring the 

responsive angle, intensity and diffraction, the interplanar distance between those atoms 
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could be calculated. 

 

 

Figure 2.2 X-ray Diffraction 50 

nλ = 2dsinθ (2-3) 

 

where n and λ are the order of diffraction and the wavelength of incident X-ray beam, 

while d is interplanar distance, and θ is the incident angle. 50 

 

In this work, the nZVI particles before and after chromium degradation in Section 2.2.4 

were characterized with XRD, all the solutions were dried to fine powder with the 

freeze dryer in order to avoid the oxidation before the XRD analysis. 

 

2.2.3.5 HRTEM 

Additionally, HRTEM (FEI Tecaai F30, US), where the voltage is 300 kV and other 

mechanisms are almost the same with the regular TEM, was used to get images of nZVI 

after hexavalent Chromium degradation Section 2.2.5.1. In the HRTEM images, higher 

resolution with atoms arrangements and interplanar distances can be observed. 
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2.2.3.6 EELS & EFTEM Elemental Mapping 

As a critical part and further exploration of HRTEM detection, EELS (Electron Energy 

Loss Spectroscopy) is a kind of characterization method where the materials were 

exposed to a beam of electrons with a known and narrow range of kinetic energies, and 

the paths of some electrons undergoing inelastic scattering and losing energy will be 

slight or randomly deflected to some extent. By measuring the energy lost with electron 

spectrometer, the elements in the materials can be interpreted, and elements distribution 

can be observed by elements mapping process. In this experiment, the iron particles 

after chromium degradation in Section 2.2.5.1 were taken out for characterization with 

EELS to explore the elements distribution. 

 

The EELS result was analyzed with the second derivative method reported by G.A. 

Botton and K. M. Krishnan, 51, 52 the valence of iron before and after the Cr(VI) 

reduction could be determined via the intensity ratio of the iron-L3 edge and iron-L2 

edge. Similarly, chromium valence after the reaction could be identified as well with 

the intensity ratio of Cr-L3 edge to Cr-L2 edge and the energy interval between Cr-L3 

edge and O K edge. 

 

2.2.3.7 FTIR 

The surface functional groups of iron particles were analyzed by Fourier-transform 

infrared spectroscopy (FTIR) spectrometer, a characterization technology applied to 
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collecting the infrared spectrum transmittance of materials over a wide spectral range 

simultaneously. In this study, vacuum dried iron particles reduced by tea extract (TE-

nZVI) and sodium borohydride (BH-nZVI) were analyzed with FTIR spectrometry. 

 

2.2.4 Materials Optimization 

Batch experiments with different ratio of polyphenols to ferric ions were conducted for 

the optimization process, and hexavalent chromium-degradation capacity for every 

group of nZVI particles were measured. In the zeta potential measurements, the iron 

particles were diluted for 500 times before the measurement with Zetasizer.  

 

In the chromium reduction experiments, 5 mL each group of nZVI were added to 100 

mL of 25 ppm Cr(VI) solution respectively where the pH was adjusted at 4, and 1 mL 

of reacted solution was sampled and measured by Method 7196A, 53 as explained in 

more detail in Section 2.2.5. The nZVI formulation that showed the highest reductive 

capacity was chosen as the remediate reagent to further explore the treatment of 

chromium and sulfamethazine solutions. 

 

2.2.5 Chromium Reduction 

The hexavalent chromium was analyzed by Method 7196A, which is a standard 

measurement method published by EPA. 53 

 

Potassium dichromate 50 ppm stock solution was prepared by dissolving 141.4 mg of 
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dried potassium dichromate into the ultra-pure water to 1 liter in volumetric flask. The 

stock solution was sealed and stored at 4 ℃ for the future experiments. 

 

A volume of 1 mL of sample or standard sample and 7 mL pure water in order to dilute 

the solution, was added to 200 mL diphenylcarbazide solution in acetone, then 10% 

volume-based sulfuric acid was added to adjust the pH to 2±0.5. The absorbance of 

resulting solution was measured by UV-spectrometry (Cary 60, Agilent Technologies, 

US) at 540 nm after full color development for 10 min. A calibration curve between 0 

to 25 ppm of Cr(VI) was obtained and the concentration of solution in chromium 

reduction experiments can be calculated by reading the absorbance in the presented 

calibration curve.  

 

The reduction rate for hexavalent chromium can be calculated using Equation (2-4).  

 

η =
C0 − Ct
C0

∗ 100%  (2-4) 

 

where η (%) is the degradation rate of hexavalent chromium, while C0 (ppm) and Ct 

(ppm) are the initial concentration and the concentration during the reaction process 

respectively. 

 

The optimal formulation of nZVI as remediation reagent for the future contaminants 

removal was investigated. In this study, 8 groups of nZVI fabricated by different 
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reactants ratios were explored for their reduction capacity on hexavalent chromium, and 

the nZVI with the best performance on chromium reduction was selected for the 

following experiments. The experiment was conducted by adding 5 mL of nZVI 

suspension fabricated with different reactants ratios to 100 mL of 25 mg/L Cr(VI) 

solution where the pH was adjusted to 4 by 0.1 N HCl and 0.1 N NaOH, the stirring 

rate is 200 rpm, and the reactors were covered by alumina foil at room temperature. 

Samples were collected and filtered with 5 mL syringes (Luer slip centric tip, Norm-

Ject, US) and 0.22 μm filters (φ25 mm, Agela Technologies, US) to measure the 

residual Cr(VI) concentration periodically. 

 

2.2.5.1 Reactants Ratio 

The effect of initial reactant concentration in the reduction of hexavalent chromium was 

analyzed. The starting concentration of Cr(VI) in 100 mL chromium solution was kept 

at 25 mg/L while the dosages of nZVI suspension were set at 0.1 mL (0.112 mg Fe0), 

0.5 mL (0.56 mg Fe0), 1 mL (1.12 mg Fe0), 2.5 mL (2.8 mg Fe0) and 5 mL (5.6 mg Fe0) 

respectively. 

 

The pH value for each group of hexavalent chromium solution were adjusted to 4 with 

0.1 N HCl, followed by adding corresponding dosages of nZVI suspension. 

Additionally, the stirred rate is 200 r/min, and the reactors during the reaction process 

were covered by alumina foil. All those batch experiments were conducted at room 

temperature (25 ℃). Samples were collected periodically and filtered with 0.22 μm 
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filter and analyzed for Cr(VI) concentration.  

 

2.2.5.2 pH 

The effect of initial pH values was explored as a variable in chromium reduction in this 

study. Reactions were triggered by adding 2.5 mL nZVI suspension (2.8 mg Fe0) into 3 

groups of 100 mL chromium solution where the initial Cr(VI) concentration is 25 mg/L 

and the pH was adjusted to 4, 7 and 10 respectively by 0.1 N HCl and NaOH, and the 

stirred rate was 200 rpm.  

 

All groups of experiments were conducted at room temperature. Samples were taken 

periodically with 0.22 μm filters and analyzed for Cr(VI) concentration. According to 

the residual concentration of each group, the degradation rate and reaction rate constant 

were calculated.  

 

2.2.5.3 Temperature 

In this study, four groups of 100 mL of 25 mg/L Cr(VI) solution were prepared, heated 

and kept at 25 ℃, 38 ℃, 48 ℃ and 58 ℃ respectively at hot plate/stirrer, then the pH 

was adjusted to 4 with 0.1 N HCl and 0.1 N NaOH. Afterwards, 2.5 mL nZVI 

suspension (2.8 mg Fe0) was added into the chromium solution to start the reduction 

reaction. Likewise, the stirred rate is 200 rpm. Samples were taken periodically and 

filtered through a 0.22 μm filter and Cr(VI) measured. 
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2.2.6 Sulfamethazine Degradation 

Both the green nZVI in previous experiments and the heterogeneous Fenton reaction 

catalyzed by green nZVI were applied to degrade sulfamethazine. In this study, the 

effects of nZVI addition in the presence and absence of hydrogen peroxide and 

ultraviolet light were explored as the influential factors to the sulfamethazine 

degradation. For the reduction and Fenton batch experiments, initial sulfamethazine 

concentration, pH in solution and the temperature have been explored as the potential 

influential factors, and all the pH adjustments in sulfamethazine degradation 

experiments was realized with 0.1 N HCl and 0.1 NaOH. The experimental conditions 

of each group of batch experiments were listed below at Table 2-2, the check sign refers 

to the related condition or variable was applied to the corresponding experiment. 

 

Table 2-2 Experimental Conditions of each batch experiments 

Batch Experiments 

Conditions 

nZVI Hydrogen Peroxide UV 

Reduction √   

Oxidation  √  

Photolysis   √ 

Dark Fenton √ √  

Separated Dark Fenton √ √  

Photo-assisted Reduction √  √ 
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Photo-assisted Oxidation 
 

√ √ 

Photo-assisted Fenton √ √ √ 

* Hydrogen peroxide was added at 30 min after the reaction triggered by adding nZVI 

into the sulfamethazine solution 

 

Experiments are conducted at atmosphere pressure; aluminum foil was used to cover 

the reactor in the dark reactions to eliminate the possible influence from the fluorescent 

lamp and visible light. And the stirring velocity is 200 r/min, samples were taken 

periodically and stored at 4 ℃ in the refrigerator. Sulfamethazine concentrations were 

quantified within 24 hours by High Performance Liquid Chromatography (HPLC) (LC-

2010A HT, Shimadzu, Japan) equipped with the C18 reversed-phase column (4.6 mm 

× 100 mm, Phenomenex, US) and a diode array detector (DAD) at the detection 

wavelength of 254 nm. The column temperature was 40 ℃ and the injection volume 

was 20 μL. The flow rate of mobile phases used in this HPLC method was 0.5 mL/min, 

and mobile phases consisted of 0.1% phosphoric acid in water and 100% acetonitrile. 

The gradient used is described below at Table 2-3.  

 

Table 2-3 The gradient conditions for HPLC method 

Time (min) Acetonitrile 

0 – 0.5 2 % 

0.5 – 7 2% - 80% (Linear) 

7 – 9 80% - 98% (Linear) 
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9 – 10 98% - 2% (Linear) 

10 -15 2% 

 

2.2.6.1 Sulfamethazine Reduction Reactions 

nZVI were applied as the reductant in sulfamethazine-degradation experiments. Due to 

the nanoscale structure, there might be impressively number of reactive sites, which 

were able to react with sulfamethazine, in the surface of iron particles. As three common 

influential factors, initial concentration of sulfamethazine, pH value in the solution and 

the reaction temperature have been explored, and the specific experimental methods 

were elaborated below. 

 

2.2.6.1.1 Initial Concentration 

Experiments with 100 mL initial concentration of sulfamethazine solution 1 mg/L, 2.5 

mg/L, 5 mg/L and 10 mg/L were conducted, the pH was adjusted to 4, and then 5 mL 

(5.6 mg Fe0) of nZVI was added to the sulfamethazine solution. Additionally, the fifth 

group of experiment, where 4 mL of tea extract along with 1 mL ultrapure water were 

added to 100 mL solution with the initial concentration of sulfamethazine at 10 ppm 

and pH at 4, was prepared to explore the influence of tea extract. The stirred velocity 

was set at 200 rpm, and these experiments were conducted at ambient temperature 

(25 ℃), reactors were covered by aluminum foil to avoid the influence of fluorescent 

lamp. Samples were taken periodically during the reaction and filtered through 0.22 μ

m filters (25 mm, Agela Technologies, US). 
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2.2.6.1.2 pH 

The effect of pH on the sulfamethazine degradation applied with nZVI was explored 

by adding 5 mL nZVI suspension (5.6 mg Fe0) into 3 groups of 100 mL sulfamethazine 

solution where the initial concentrations were 10 mg/L and the pH was adjusted to 4, 7 

and 10 respectively; the stirred rate 200 rpm, and the reactors were put on the ambient 

temperature and covered by aluminum foil. Appropriate amount of solution was 

sampled with 0.22 μm filters periodically during the reaction to measure the residual 

sulfamethazine concentration.  

 

2.2.6.1.3 Adsorption Amount 

The experiment for exploring the effect of pH 1 on TE-nZVI suspension was conducted 

by adding 5 mL TE-nZVI suspension (5.6 mg Fe0) to 95 mL ultrapure water where the 

pH was 4, then dissolving all iron particles by adjusting the pH to 1±0.1 with 34% wt 

HCl. Likewise, 100 mL of 10 ppm sulfamethazine solution with initial pH 4 was 

prepared, and then the pH was adjusted to 1±0.1. These reactions were occurred at room 

temperature, the stirring rate was 200 rpm, and the beakers were covered by aluminum 

foil, samples were taken out periodically with 0.22 μm filters to measure the intensity 

of polyphenols and sulfamethazine concentration in aqueous phase.  

 

The adsorption capacity for BH-nZVI on sulfamethazine was studied by 5 mL BH-

nZVI suspension (5.6 mg Fe0) to 95 mL sulfamethazine solution where the initial 
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concentration of sulfamethazine in the 100 mL resulting solution was 10 ppm and the 

initial pH was 4. The solution pH was adjusted to 1±0.1 with 34% wt HCl after 30 mins’ 

reduction. The stirring rate was 200 rpm, and the reaction was occurred under room 

temperature and aluminum foil covered, samples were taken out periodically to 

measure the residual sulfamethazine concentration. 

 

Lastly, the adsorption amount of TE-nZVI on sulfamethazine was explored via the exact 

same method described above except replacing 5 mL BH-nZVI suspension with TE-

nZVI suspension. 

 

2.2.6.2 Oxidation 

The effect of hydrogen peroxide on sulfamethazine degradation has been explored. The 

reaction of sulfamethazine degradation was triggered by adding an appropriate amount 

of hydrogen peroxide solution, making H2O2 concentration in the reaction solution is 

0.1 mM, and 5 mL of nZVI suspension (5.6 mg Fe0) into 100 mL sulfamethazine 

solution where the initial concentration was 10 mg/L and the pH was adjusted to 4. The 

stirred rate was 200 rpm, and the beaker was covered by aluminum foil, samples were 

taken periodically with 0.22 μm filters to analyze for residual sulfamethazine 

concentration.  

 

2.2.6.3 Photolysis 

In this group, UV has been applied as the irradiation source to degrade the 
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sulfamethazine. As illustrated at Figure 2.3, the reactor with 100 mL sulfamethazine 

solution, where the initial concentration of sulfamethazine was 10 mg/L and the initial 

pH was 4, was covered by the 36-Watt UV irradiator which consisted of 4*9-Watt lamp, 

the bottom platform was the stirrer with the stirring rate at 200 rpm. The concentration 

of sulfamethazine during the reaction was measured by taking samples periodically 

with 0.22 μm filters. 

 

 

Figure 2.3 The schematic of sulfamethazine degradation experiment set-up with 

photo-assisted 

 

2.2.6.4 Dark Fenton System 

That hydroxyl radicals with high oxidizing capacity can be produced from hydrogen 

peroxide catalyzed by iron particles is called Fenton reaction. The following sections 

describe the Fenton and Fenton-type experiments conducted. 

 

2.2.6.4.1 Simultaneous addition of nZVI and hydrogen peroxide 

Literally, the Fenton reaction was conducted by adding simultaneously 5 mL nZVI 
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suspension (5.6 mg Fe0) and an approximately amount of hydrogen peroxide solution, 

which made the concentration of H2O2 in the reaction solution was 0.1 mM, into 100 

mL prepared sulfamethazine solution where the initial pH was 4 and the initial 

concentration of sulfamethazine was 10 mg/L; the stirring rate was 200 rpm, the reactor 

was put at room temperature with the aluminum foil covered. The solution was sampled 

periodically with 0.22 μm filters to measure the residual concentration of 

sulfamethazine. 

 

2.2.6.4.2 Reduction followed by Fenton Treatment  

In this experiment, the reduction reaction was triggered by adding 5 mL nZVI 

suspension (5.6 mg Fe0) into 100 mL sulfamethazine solution where the initial 

sulfamethazine concentration was 10 mg/L and the initial pH was 4, the stirring rate 

was 200 rpm, the reactor was put at room temperature and covered with the alumina 

foil. After 30 mins reduction reaction, a certain volume of hydrogen peroxide was added 

into the reactor, making the initial concentration of H2O2 in the reaction solution be 0.1 

mM. Samples were taken with 0.22 μm filters periodically to measure the residual 

concentration of sulfamethazine during the whole reaction process, including the 

reaction and the Fenton treatment. 

 

2.2.6.5 Photo-assisted Reduction 

The experiment of photo-assisted reduction was conducted by adding 5 mL nZVI 

suspension (5.6 mg Fe0) into 100 mL sulfamethazine solution where the pH was 4 and 
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the initial concentration of sulfamethazine was 10 mg/L. The reaction solution was 

irradiated with the 36-Watt UV lamp, and the stirring rate was set at 200 rpm. 

Periodically, samples were taken and filtered by 0.22 μm filters to measure the residual 

sulfamethazine concentration. 

 

2.2.6.6 Photo-assisted Oxidation 

The photo-assisted oxidation reaction was conducted by adding an approximate amount 

of hydrogen peroxide solution into 100 mL sulfamethazine solution to make the initial 

concentration of H2O2 was 0.1 mM; the initial pH of sulfamethazine was 4 and the 

initial sulfamethazine concentration was 10 mg/L. The reactor was put under the 

irradiation of 36-Watt UV lamp and the stirring rate was 200 rpm. Samples were taken 

periodically with 0.22 μm filters to measure the residual sulfamethazine concentration. 

 

2.2.6.7 Photo-Fenton Reaction 

Ultimately, all potential influential factors mentioned above were applied to this 

experiment. Much similar with the operation above, the experiment of photo-Fenton 

was conducted by adding 5 mL nZVI suspension (5.6 mg Fe0) and a certain amount of 

hydrogen peroxide, which made the initial concentration of H2O2 in the reaction 

solution was 0.1mM, into 100 mL sulfamethazine solution where the pH was adjusted 

to 4 and the initial concentration of sulfamethazine was 10 mg/L. The reactor was 

covered by the 36-Watt UV lamp and the stirring rate was 200 rpm. Likewise, samples 

were taken periodically with 0.22 μm filters to measure the residual concentration of 
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sulfamethazine during the reaction process.  
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3.  RESULTS AND DISCUSSION 

The results of each group experiments described above were elaborated and illustrated 

below in details. Besides, relevant analysis and discussion were performed according 

to the results, phenomenal and data. 

 

3.1 Materials Characterization 

3.1.1 nZVI Fabrication 

The content of polyphenols (antioxidation capacity) in yerba mate extraction was 

determined and expressed as GAE (gallic acid equivalent) before the fabrication of the 

nZVI particles. The calibration curve of gallic acid, displayed below in Figure 3.1, was 

plotted for the tea polyphenols quantification, showing the relationship between the 

absorbance and the gallic acid concentration, the content of polyphenols in the collected 

yerba mate extraction was 28.14 mM GAE. Machado et al. have measured and 

compared the phenolic contents of 26 different plant extracts with the same extraction 

and measurement method as this study, the plant extract with the highest phenolic 

content was the black tea, approximately 2.5 mM GAE, which is far less than yerba 

mate. 54 In this case, yerba mate tea extract is a promising ecological alternative to 

regular reductant chemicals, because massive polyphenols with reactive phenol group 

could reduce Fe(III) and generate zero-valent iron particles effectively. 
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Figure 3.1 The absorbance of gallic acid with different concentration at the 

wavelength of 765 nm. 

Particles were fabricated at 10 different ratios of ferric chloride to tea extract, each type 

of nZVI expressed as different Fe(Ⅲ)/GAE as shown in Table 3-1. Black zero-valent 

iron particles were generated instantly when the tea extract was added to the ferric 

chloride solution, and the mixed solution was vortexed thoroughly for 2 min to ensure 

the complete reaction before being used as the remediation agent. The nZVI 

suspensions fabricated were stored in room temperature for observing the aggregation 

process. Figure 3.2 (a) and (b) shows that no evident aggregation or settling occurred 

for TE-nZVI within the 14th day, the iron particles remained suspended in the solution 

uniformly and stably, the aggregation for TE-nZVI could be observed clearly at the 42nd 

day under the irradiate of intense light source, which was displayed at Figure 7.1 in the 

appendix. Meanwhile, BH-nZVI was totally precipitated and separated from the 
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aqueous solution after 5 min, and a certain yellow material was generated on the its 

surface at the 14th day, which was probably iron hydroxide (FeOOH). 55, 56 

 

Usually, the catalytic materials with the saturation magnetization of 16.3 emu/g is 

enough to be rapidly separated from solution with a conventional magnet. 57, 58 The 

experiment of coarse magnetization comparation between tea extract-reduced nZVI and 

borohydride-reduced nZVI was conducted as illustrated in Figure 3.3, the nZVI 

reduced by tea extract has no response under the magnetic field generated by 

conventional magnet (with the magnetization magnitude around 10000 A/m) for 2 min 

or even longer to 2 days, so the magnetization of nZVI in this study was assumed to be 

far less than 16.3 emu/g. Meanwhile, the iron particles reduced by sodium borohydride 

were sensitive under the magnetic field, dark iron particles were readily separated from 

the solution for few seconds and adhered to the vial wall being adjacent to the magnet, 

and the solution was considerably limpid within 2 min. 

 

   

(a) (b) 
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Figure 3.2 nZVI reduced by tea extract (left) and sodium borohydride (right) under 

gravity settling for 5 min (a), 14 days (b) 

 

 

Figure 3.3 Digital photographs showing TE-nZVI (left) has no response under the 

magnetic field of conventional magnet, while BH-nZVI (right) was rapidly separated 

by magnetic attraction after 2 mins. 

 

Additionally, TE-nZVI particles cannot be separated completely with the centrifugation 

of 12000 rpm for 10 min, a large proportion of nanoscale iron particles with extremely 

small size were still dispersed in the dark supernatant. Thus, it possesses more practical 

significance and application value to utilize the nZVI suspension instead of dried iron 

particles. In this way, all nZVI in this study was applied as the suspension and quantified 

with iron element included. 

 

3.1.2 Adsorption Capacity of TE-nZVI 
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Methyl orange (MO) and methylene blue (MB), as the common anionic and cationic 

dyes respectively, were considered as the indicators for measuring the adsorption 

capacity of TE-nZVI on aqueous contaminants. 

 

The influences of different pH on the UV/vis absorption spectra of 10 mg/L MB and 

MO in water were measured, respectively. For MB testing, as shown at Figure 7.2 in 

the appendix, no wavelength shifting of absorption spectra was observed from pH 1.0 

to 4.3, while the absorbances decreased slightly with the pH decreased. Meanwhile, the 

color of methyl orange solution would be changed to red from orange when the solution 

pH was lower than 2.99 in the test. As indicated at Figure 7.3 in the appendix, both the 

intensity and wavelength for maximum absorption peak were altered and shifted, the 

absorbance was increased from 0.605 to 0.995, while λmax was shifted to 507 nm from 

426 nm when the pH value was adjusted from 4.06 to 2.05. The curve of whole-

wavelength scanning for methyl orange were basically the same under pH 3.39 to 4.06, 

which was in accordance with its application pH range, 3.1 to 4.4. 59 Therefore, only 

the cationic dye, methylene blue, was applied as the adsorption indicator of TE-nZVI 

in this study. 

 

Considering the reducing capacity of nZVI, the methylene blue might be degraded to 

fragments, the intermediates of methylene blue, which might contribute the total 

absorbance as well at the measurement process based on UV spectrometry. Therefore, 

the removal efficiency calculated and illustrated below would be equal or less than the 
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real value. As displayed at Figure 3.4, the concentration of aqueous methylene blue 

decreased rapidly after adding the TE-nZVI to the solution, and the reaction basically 

reached the equilibrium in 1 hour. The MB concentration in the solution was around 

1.2 mg/L in 1 hour, and TE-nZVI’s removal capacity on MB reached to 152.2 (mg 

MB)/(g TE-nZVI). After acidification at pH = 1, the color of the resulting solution 

became lighter with the nZVI particles dissolved, no particles were observed visibly. 

The MB concentration increased to 7.2 mg/L instantly after pH adjustment, and it 

recovered to 7.3 mg/L at t = 80 min. The springback of aqueous MB concentration was 

caused by the releasing of MB adsorbed on iron particles’ surface. Namely, MB 

molecules were removed from the solution within the effects of adsorption and 

interfacial degradation, and MB molecules which have not involved to the degradation 

were released to the aqueous phase again after all iron particles dissolved at pH 1, 

leading to the increasement of MB concentration. Nevertheless, the aqueous MB 

concentration couldn’t increase to the initial 10 mg/L since partial MB molecules have 

been already degraded. 

 

Hereby, the difference between the initial and final MB concentration was contributed 

from the degradation, and the degradation capacity of TE-nZVI on MB was calculated 

as 47.9 (mg MB)/(g TE-nZVI) with the equation shown below. Moreover, the 

concentration difference between that at t = 60 min and t= 80 min was regarded as the 

adsorption efficiency in this study. The adsorption capacity of TE-nZVI to methylene 

blue was calculated as 104.3 (mg MB)/(g TE-nZVI), which was much higher than most 
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of adsorbents reported by other researches. 60-62 

  

qeq =
(Ct − Ceq)V

M
 (3-1) 

 

 

Figure 3.4 The removal curve of 10 mg/L methylene blue in water (the initial pH = 4, 

5.6 mg TE-nZVI was added at t = 0, and the resulting solution was acidified to pH 1 

at t = 60 min) indicated that MB removal was synergetically contributed from 

adsorption and degradation. 

 

3.1.3 Zeta-Potential & Hydrodynamic Size 

Zeta-potential for each group of nZVI was measured at pH 4, as shown in Table 3-1 

and Figure 3.5. Group 1 consisted of pure yerba mate extract and Group 8 was pure 

iron solution. The group numbers were sorted with the increasing ratio of ferric ions to 
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polyphenols content. There was no nZVI particles produced in the 1st and 8th group, and 

nZVI particles produced were considerably low in the 7th group due to limited 

polyphenols content. Thus these three groups would not be discussed and illustrated 

specifically below. 

 

Table 3-1 Zeta-potential and Hydrodynamic diameter for particles prepared with 

different Fe(III)/GAE ratios 

Group # Fe(III)/GAE 

Zeta-potential  

(mV) 

Hydrodynamic Diameter  

(nm) 

1 Extract -30.73 502.03 

2 0.89 -35.33 3359.67 

3 5.33 -33.3 318.17 

4 14.2 9.88 524.17 

5 28.4 8.28 3328.00 

6 71.1 10.02 4884.67 

7 142 24.9 397.30 

8 Iron Solution 39.57 205.03 
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Figure 3.5 The zeta-potential and hydrodynamic diameters of TE-nZVI generated 

with different Fe(III)/GAE molar ratios (pH = 4) 

 

As shown at Figure 3.5, the surface zeta-potential was negative when ferric ions were 

relatively low, while it increased with the increasing dose of Fe(III) and reached a 

positive charge. According to the monotonically increasing tendency, a certain group of 

TE-nZVI with the Fe(III)/GAE molar ratio between 5.3 and 14.2 would locate at point 

of zero charge (PZC) at pH 4. Iron particles at PZC was unstable and easily aggregated. 

Therefore, particles with more surface charges could possess better stability and remain 

suspended for a longer time. Moreover, with the Fe(III)/GAE ratio increased, the 

hydrodynamic diameter firstly decreased and then increased again, with a minimum 

diameter of 318 nm at the ratio of 5.33 Fe(III)/GAE. 
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To explore the influence of pH on nZVI particles’ stability, the zeta-potential and 

hydrodynamic size of TE-nZVI and BH-nZVI were studied and shown in Figure 3.6 

and Figure 3.7. The zeta-potential for both TE-nZVI and BH-nZVI were negative under 

pH 3 to 11, and would decrease with the pH value increased. Considering to the 

deviation and error bar, the zeta potential of TE-nZVI was slightly more negative than 

that of BH-nZVI at any pH conditions. The zeta-potential was a measurement of the 

electrical double layer outside the particles, which was affected by the surface-capped 

ligands and surrounded ions in the solution. Herein, the ligands on particles’ surface 

would change with the pH varying, resulting in the variation of surface charges. 

 

 

Figure 3.6 Effect of pH on surface charges of BH-nZVI and TE-nZVI (0.89 

Fe(III)/GAE). (BH-nZVI = 3.7 mg/L, TE-nZVI = 3.7 mg/L) 
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Figure 3.7 Effect of pH on hydrodynamic diameter of BH-nZVI and TE-nZVI (0.89 

Fe(III)/GAE). (BH-nZVI = 3.7 mg/L, TE-nZVI = 3.7 mg/L) 

 

Being similar to the zeta potential, the hydrodynamic diameter may not be the real size 

of nanoparticles, it was usually larger than the real particle size due to the coating of 

electrical double layers. More specifically, the molecules and ions in the solvent could 

interact with nanoparticles via several non-covalent interaction, including hydrogen 

bonding, van der Waals forces and pi-pi stacking, which depends on the specific 

solvents. 63 There was no evident tendency for BH-nZVI at different pH as shown at 

Figure 3.7, the hydrodynamic size of BH-nZVI fluctuates with the pH.  

 

BH-nZVI’s surface was exposed directly to the solution because of limited ligands 
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diameter. With respect to TE-nZVI, there might be some phenol groups as the ligands 

or surfactant layer, which could protect the iron particles from corrosion and 

aggregation. 64 As shown in Figure 3.7, the hydrodynamic size for TE-nZVI under pH 

4 to 9 generally kept increasing from 2400 nm to 4300 nm. The size increasing was 

resulted from surface charges increase, because more ions would be attracted to iron 

particles, thickening the electrical double layers. 

 

On the other hand, the size would be back to around 2000 nm at pH 10 and 11. The 

zeta-potential of iron particles under pH 11 was around -50 mV, which could repulse 

the aqueous dissociative phenol groups from combining to iron particles’ surface. Also 

the surface ligands would be altered to some extent when the pH was high up to 10 and 

11, causing the size variation.  

 

Additionally, dark TE-nZVI particles in the solution at pH from 4 to 9 were observed 

visibly, while BH-nZVI particles were transformed to a certain yellow material when 

the pH was higher than 7 and lower than 6. In this way, it was concluded that TE-nZVI 

particles could exist stably at a wide pH range. 

 

3.1.4 TEM 

To explore the effect of different reactants ratios on particles’ size and morphology, 

TEM characterization for iron particles of 0.89, 5.3 and 18.4 Fe(III)/GAE were 

performed. 
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(a) 
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Figure 3.8 TEM images of TE-nZVI with the Fe(III)/GAE molar ratios of 0.89 (a), 

5.33 (b), 18.4 (c) 

 

As shown in Figure 3.8 (a), the particles generated with 0.89 Fe(III)/GAE dispersed 

well with no aggregation. It can be easily told that there exist two obviously different 

scales of iron particles in the solution, no clear nuclear-shell structure were found in 

both big and small iron particles due to the well reductive protection of high 

concentration of polyphenols. The sizes of 595 iron particles were analyzed by the 

software ImageJ 1.51 k, and from the histograms of particles size distribution, displayed 

in Figure 3.9 below, the average size was around 7.8 nm with the standard deviation of 

2.1 nm. Meanwhile, around 2.2% of particles in the analysis samples were apparently 

larger than others. As highlighted in the magnification of Figure 3.9, iron particles with 

size larger than 25 nm was re-analyzed, the average size was about 35.6 nm with the 

standard deviation of 4.9. 

 

Parameters of reaction temperature, pH value, reactants ratio, surfactant and capping 
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reagent can all potentially influence the growth of nanoparticles. 65-68 For instance, 

polyphenols in yerba mate extract could function as both reducing reagent and capping 

agent simultaneously during TE-nZVI fabrication. Namely, polyphenols initially 

reduced ferric ions and produce nZVI and then capped on particles surface as ligands, 

which could protect particles from oxidation, aggregation and excessive growth. 

 

  

Figure 3.9 Histogram and normal distribution of TE-nZVI generated with the molar 

ratio of 0.89 Fe(III)/GAE 

 

TE-nZVI particles start to aggrege when the reactant ratio increased to 5.33 

Fe(III)/GAE, and the shape of nZVI is not limited to sphere anymore, other kinds of 

specific forms such like hexagon, displayed in Figure 3.8 (b), were found in the TEM 

images. The relatively severe aggregation was found on the nZVI fabricated with the 

0 5 10 15 20 25 30 35 40 45
0

10

20

30

40

50

60

70

80

 

 

F
re

q
u

e
n

c
y

Diameter (nm)

25 30 35 40 45
0

1

2

3

 

 

F
re

q
u

e
n

c
y

Diameter (nm)



56 

 

molar ratio of 18.4 Fe(III)/GAE, whose TEM images shown in Figure 3.8 (c) above. 

Most of particles size increased to be around 50 nm, and the boundaries for most of 

each particle can be told even if the aggregation occurred.  

 

3.1.5 XRD of TE-nZVI 

No peak was found in both nZVI powder before and after chromium degradation, 

especially the characteristic peak of zero-valent iron where the diffracting angle 2θ is 

44.9°, indicating the iron particles generated by this green method is amorphous, which 

also observed in other studies. 69, 70 This amorphous structure might be caused by the 

interference of heterogeneous constitution in yerba mate extract. 71-73 

 

 

Figure 3.10 XRD pattern of TE-nZVI (0.89 Fe(III)/GAE) before and after Cr(VI) 

degradation 
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3.1.6 HRTEM 

From the images of HRTEM, the interplanar distances and crystal planes can be 

calculated. Three different interplanar distances were found in the Fast Fourier 

Transform (FFT) by means of HRTEM figure shown in Figure 3.11 (a), 2.04 Å, 3.81 

Å and 4.39 Å, the interplanar distances were supposed to be identified with the XRD 

PDF pattern, since there was no specific peak found at XRD characterization, the 

corresponding components and their miller indexes can’t be determined according to 

the FFT pattern below. 

 

 

Figure 3.11 HRTEM image of nZVI after chromium reduction; the inset is an 

FFT pattern of the area marked by a red square. 
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3.1.7 EELS & EFTEM Elemental M 

According to the analysis method reported by G.A. Botton and K. M. Krishnan, 51, 52 

the second derivative were performed for the EELS raw spectrum. The valence of iron 

before and after the Cr(VI) reduction could be determined via comparing the intensity 

ratio of the Fe-L3 edge and Fe-L2 edge, as displayed at Figure 3.12. 

 

 

Figure 3.12 EELS spectrum of TE-nZVI before (a) and after (b) Cr(VI) reduction 

reaction; The top pattern was the raw EELS spectrum after background subtraction, 

while the bottom pattern was the corresponding second derivative spectrum; positive 

peaks in the second derivative spectrum were measured for the intensity ratio of Fe 

L3/L2. 

 

 

The ratios of L3/L2 intensity area before and after reaction were 4.83 and 5.47 

respectively, the ratio 4.83 was contributed by the joint influence of Fe(0), Fe(II) and 

Fe(III), while the ratio 5.47 indicated that the particle’s surface was completely 

oxidized to Fe(III). 74, 75 Furthermore, according to the formula presented by Tom Al’s 
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group, 76 shown at Equation (3-2), the ratio of Fe3+/ΣFe before reaction was around 

0.554, which was contributed by the iron oxide on the surface of nZVI particles, since 

the structure of iron particles could be descripted as core-shell model, the inner zero-

valent iron core surrounded with the shell of iron oxides. After the Cr(VI) reduction, 

the ratio was increased to 0.915, which means approximately 91.5% of iron at particles’ 

surface was oxidized to ferric state. 

 

𝐿3
𝐿2
= 0.74 (

𝐹𝑒3+

ΣFe
)

2

+  0.69 (
𝐹𝑒3+

ΣFe
) + 4.22 

(3-2) 

 

The oxidation state of chromium was determined with the method reported by Arevalo-

Lopez, 77 as shown at Figure 3.13. Besides the peaks of Cr-L3 and Cr-L2, an intense 

signal from O-K edge was observed at 548 eV, the intensity ratio of L3/L2 of clusters 

and particles was around 1.58, indicating the chromium existed in 3+ state or lower, 

namely, Cr(VI) in the solution was reduced to Cr(III) after the reaction with nZVI 

particles. 78, 79 Nonetheless, the characteristic pattern displayed below possesses a 

nontypical Cr-L3 peak position (586.31 eV) and ΔECrL3-OK (37.37 eV), the difference 

energy-loss peak between Cr-L3 edge and Oxygen-K edge, compared to the results 

reported by other groups, 77, 78 the difference might be the result of iron interference. 

EELS can’t be applied for elements quantitative, thus the exact constitute of 

components after reaction couldn’t be determined here. 
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Figure 3.13 EELS spectrum of Cr(VI) after reaction; The top pattern was the raw 

EELS spectrum after background subtraction, while the bottom pattern was the 

corresponding second derivative spectrum; positive peaks in the second derivative 

spectrum were measured for the intensity ratio of Cr L3/L2. 

 

Since TE-nZVI possesses excellent adsorption capacity, chromium might be adhered to 

particles’ surface after Cr(VI) redcution via covalent bonds or Van der Waals forces. 

The TEM image of iron particles/clusters after Cr(VI) reduction were shown at Figure 

3.14 (a), and the pattern of EFTEM elemental mapping for Fe-Cr-O was displayed at 

Figure 3.14 (b) as RGB photo. The mapping pattern manifested the presence of Cr on 

the particles’ surface. Zero-valent iron were oxidized to iron oxides, but the exact 

stucture of the clusters has not been determiend yet. Combined with the EELS result, 

Cr(VI) was reduced to Cr(III) and immobilized on iron particles’ surface after the 
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reaction via the physical adsorption and chemical bonding. 

 

 

Figure 3.14 TEM image of Iron particles after Cr(VI) reduction (a); The responding 

EFTEM elemental mapping pattern (b) (red: Fe; green: Cr; blue: O) indicated that Cr 

was immobilized on the surface of iron particles. 

 

3.1.8 FTIR 

The surface ligands of BH-nZVI and TE-nZVI were characterized with FTIR and 

shown at Figure 3.15. The stretching vibration observed at around 413 cm-1 and 422 

cm-1 at the spectra of BH-nZVI and TE-nZVI respectively were ascribed to Fe-O 

stretches in Fe2O3 and Fe3O4. 
80, 81 

 

With respect to BH-nZVI, since ethanol was applied to adequately disperse the BH-

nZVI generated, the alcoholic group could be involved to the reaction as the capping or 

reducing reagent and coating the particles’ surface. The transmittance peak observed 

(a) (b) 
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around 3440 cm-1 was attributed from alcohol O-H stretch, the spectra feature of sp3 C-

H bend was observed, which was corresponded to 1399 cm-1, and the band located at 

1633 cm-1 might be contributed by the C=C stretching vibration.  

 

Meanwhile, many more spectra features were found for TE-nZVI than that of BH-nZVI 

because of the complex reactants, besides the stretch vibration of C=C (1626 cm-1) and 

alcoholic O-H (3411 cm-1), the features at 2920 cm-1 and 2850 cm-1 resulted from 

carboxylic acid O-H stretch manifested that the carboxylic groups were existed on TE-

nZVI particles’ surface. Also, the transmittance peak located at 1262 cm-1 was referred 

to acyl C-O and phenol C-O while and 1029 cm-1 could be supported by alkoxy C-O 

stretching vibration. The feature of 817 cm-1 might be caused by the sp2 C-H bond of 

tri-alkene or para-arene, which might be carried or oxidized from phenol and 

heterocyclic groups in the yerba mate extract. 70, 81-86 
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Figure 3.15 FTIR of BH-nZVI and TE-nZVI 

 

3.2 Materials optimization 

The optimal formulation of nZVI as remediation reagent for the future contaminants 

degradation was investigated. In this study, several groups of nZVI fabricated by 

different ratios of reactants were explored for their degradation capacity on hexavalent 

chromium, and the nZVI with the best performance on chromium degradation was 

selected for the following experiments. 

 

According to the degradation results for each group with different nZVI, the reduction 

rate, which means the removal percentage of hexavalent chromium after 80 min of 

reaction. was recorded in Table 3-2 to evaluate the capacity of chromium reduction for 

different nZVI, the reduction curve for each group was plotted in Figure 3.16, and the 
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relationship between Fe(III)/GAE and the reduction rate was plotted in Figure 3.17.  

 

The reduction rate kept a general decreasing tendency with increasing ratio of 

Fe(III)/GAE, which means the chromium-reduction capacity of nZVI was lower with 

the higher Fe(III)/GAE ratio. Additionally, pure extract has a low reduction rate of 27.3% 

on Cr(VI) removal, while there is almost no effect of ferric chloride on chromium 

degradation. 

 

Table 3-2 Chromium reduction rate for different nZVI  

Group # 
Fe(Ⅲ)/GAE  

(μmol/μmol) 

Reduction Rate 

(%) 

1 Tea Extract 27.3 

2 0.89 98.7 

5 5.33 39.2 

6 14.2 37.8 

7 71.1 4.9 

8 Fe(III) 2.1 
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Figure 3.16 Cr(VI) reduction curve for each group of TE-nZVI with different molar 

ratios of Fe(III)/GAE (The initial pH is 4, the initial Cr(VI) concentration is 25 mg/L, 

and iron particles added for each group is 56 mg/L) 
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Figure 3.17 Cr(VI) reduction efficiencies after 80 mins reaction for each group of TE-

nZVI with different molar ratios of Fe(III)/GAE (The initial pH is 4, the initial Cr(VI) 

concentration is 25 mg/L, and iron particles added for each group is 56 mg/L) 

 

Ferric ions in each group of nZVI suspension was the same of 0.1 mmol, so more iron 

particles would be produced with higher reductive polyphenols. Assume all ferric ions 

in the 2nd group – the molar ratio of 0.89 Fe(III)/GAE – were exactly reduced to zero-

valent iron, iron particles amount generated in the following groups with higher 

Fe/GAE would be less than that in the 2nd group, causing the decrease of Cr(VI) 

degradation efficiency. 

 

Due to the large surface charges and excellent performance on Cr(VI) reduction, TE-

nZVI with the molar ratio of 0.89 Fe(III)/GAE was selected as the remediate reagent 

for the future chromium reduction and sulfamethazine removal. 

 

3.3 Chromium Reduction 

Batch experiments for exploring the influential effects of reactants ratios, pH and 

temperature on Cr(VI) reduction were conducted. The Cr(VI) reduction reaction with 

iron particles suspension was a multi-phase reaction on the surface of iron particles, the 

multiple phases include the solid phase of nanoscale zero-valent iron particles, the 

liquid phase of Cr(VI) solution and the gas phase of volatile by-products like hydrogen 

produced. 87 The multi-phase reaction can be described by the Langmuir-Hinshelwood 
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kinetic expression, shown in Equation (3-3). 88 

 

ν = −
dC

dt
=
bKC

1 + KC
 (3-3) 

 

where b is the limiting rate constant of reaction at maximum coverage under the given 

experimental conditions, K represents equilibrium constant for adsorption of the 

substrate onto catalyst, including the nZVI and colloid product generated during the 

reaction, and C refers to the concentration of the reactant at any time t. 

 

when the concentration of reactants in the solution is low, namely, K*C << 1, the 

Equation (3-3) can be simplified and expressed as (3-4) below. 

 

ν = −
dC

dt
= bKC = KobsC (3-4) 

 

where Kobs = bK, and the Cr(VI) reduction reaction can be viewed as pseudo-first order 

reaction, Equation (3-5) can be obtained by integrating (3-4).  

 

ln(Ct/C0) =  Kobs ∗ t  (3-5) 

 

The linear relationship between ln(Ct/C0) and time t can be observed from Equation 

(3-5), and the reaction rate constant can be calculated as the slope Kobs. 
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3.3.1 Reactants Ratio 

Due to the aggregation and oxidation tendency during the reaction process, the 

relationship between nZVI dosages and degradation rate or reaction rate cannot be 

calculated by simple algebra or linear superposition. 

 

As shown in Figure 3.18, the concentration of Cr(VI) was lowered sharply and 

instantly after adding the nZVI suspension. The reduction efficiency later increased 

with a decreasing reaction rate and reached the equilibrium at t = 80 min. The possible 

reasons were described below: both the mechanisms of adsorption and reduction work 

on aqueous Cr(VI) removal. Due to the nanoscale structure, Cr(VI) ions could be 

adsorbed and accumulated on the surface of TE-nZVI. Besides, Cr(VI) was easily to 

be reduced by zero-valent iron, because the standard electrode potential (SEP) for 

Cr(VI)/Cr(III) – +1.33 – is much higher than that of Fe(III)/Fe(0), -0.04. 89 With the 

Cr(VI) concentration decreased, there would be fewer chances for Cr(VI) ions to 

collide and react with active sites in the surface of iron particles effectively, so the 

reaction rate decreased. In addition, some by-products, such as iron oxides, could be 

generated on the surface of nZVI during the reaction process which would lower the 

reaction performance continuously. 

 

The reaction efficiency increased with increasing dosage of nZVI, the reduction 

efficiency for each group with increasing reactants ratios was 11.2%, 26.4%, 42.7%, 

86.0% and 98.8% respectively. The relationship between Cr(VI) removed in aqueous 
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phase and dosage of TE-nZVI added could be fitted linearly well, which was shown 

in Figure 3.19, the removal capacity of TE-nZVI on aqueous Cr(VI) at pH 4 was 

around 730 mg/g. 

 

The Cr(VI) removal reaction was failed to be fitted well by any common kinetic 

model, so it was divided to two-stage process according to the literature. 90 It was well 

known that aqueous Cr(VI) was removed from the solution by being adsorbed on the 

iron particles surface followed by react with the iron. Namely, both the adsorption and 

reduction did effort on Cr(VI) removal in the solution. The hypothetical reaction 

mechanisms were that the initial Cr(VI) removal was controlled by the synergetic 

effort of adsorption and reduction due to the high contaminants concentration and 

many active sites. The first process (0 – 1 min) was extremely fast that no more data 

point was caught up to analyze the kinetic tendency, so the first process wouldn’t be 

discussed in this study. With active sites on the surface of iron particles occupied, the 

reduction rate decreased sharply, and controlled the Cr(VI) removal reaction, and it 

was called the second stage in this study. Additionally, the reaction rate decreased as it 

progressed, and after 40 min it basically reached the reaction equilibrium. Data 

between 1 and 40 minutes (The second stage) was fitted by first order kinetic 

expression.  

 

A good linear relationship for the second stage of the reaction can be observed in 

Figure 3.20, and the correlation coefficients for those groups with increasing dose of 



70 

 

nZVI were 0.647, 0.912, 0.818, 0.987 and 0.935 respectively. The observed rate 

constant for each group, which was 0.000923 min-1, 0.000911 min-1, 0.000927 min-1, 

0.0119 min-1 and 0.0594 min-1 respectively, kept generally increasing with the amount 

of iron added, because there were be more activated sites provided from the surface of 

iron particles where the Cr6+ can contact, occupy and react with in the group with 

higher dosage of nZVI, and more Cr(VI) ions were able to be reduced at the same 

time, resulting in a higher reaction rate. 

 

 

Figure 3.18 Cr(VI) removal curves applied with different dosage of TE-nZVI (The 

initial pH = 4, the initial Cr(VI) concentration = 25 mg/L, Temperature = 25 ℃) 
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Figure 3.19 Linear fitting for the relationship of aqueous Cr(VI) removed at 80 mins 

reaction vs. dose of TE-nZVI added (The initial pH = 4, the initial Cr(VI) 

concentration = 25 mg/L, Temperature = 25 ℃) 
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Figure 3.20 First order fitting of Cr(VI) removal applied with different dosage of TE-

nZVI (The initial pH = 4, the initial Cr(VI) concentration = 25 mg/L, Temperature = 

25 ℃); the reaction was divide to the first stage (0 – 1 min) and the second reduction-

controlled stage (1 – 40 min). 

 

3.3.2 pH 

Chromium contamination has increasingly become a global problem, which means the 

environment condition of water body and soil might be totally different in each 

contaminated site. Remediation reagent such as nZVI might possesses dramatically 

distinct property and remediation capacity under different pH environment.  

 

As shown in Figure 3.21, the degradation curves under different initial pH are slightly 

different, the degradation efficiency in 80 mins under pH 4, 7 and 10 is 86.0%, 79.8% 

and 77.9% respectively. Meanwhile, chromium reduction reactions were fitted well 

with a first-order model, and the reaction rate constant Kobs for each group with 

increasing pH is 0.0135 min-1, 0.0061 min-1 and 0.0048 min-1 respectively. The 

reductive removal of hexavalent chromium by nZVI is a reaction based on surface-

mediated electron transferring, and the adsorption, induced by electrostatic interactions, 

played a significant role as well. The surface zeta-potential for nanoscale iron particles 

under pH 4, 7 and 10 is -25.1 mV, -36.7 mV and -52.0 mV respectively, so the repulsive 

force between iron particles and contaminants ions Cr2O7
2- increased with increasing 

pH value, lowering their attachment. 91 For this reason, both the degradation efficiency 

and the reaction rate decrease with increasing initial pH value. Additionally, the co-
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precipitation of Fe/Cr oxides/hydroxides is readily to be formed on the surface of nZVI 

in basic condition, as shown in the equation (3-6), 92 which will decrease the reaction 

rate. 92-94 Meanwhile, in acid condition, iron oxides generated during the reaction would 

be dissolved easily in acidic solution environment, and particles could stay clean and 

reductive on their surface during the whole reaction. 95 Besides, protons can promote 

the reduction of hexavalent chromium, as can be seen in the equation (3-7). 96 Thus, 

Cr(VI) in lower pH would be more easily reduced to trivalent chromium. 

 

x Cr(Ⅲ) + (1 − x) Fe(Ⅲ) + 3 H2O 
              
→     (CrxFe1−x)(OH)3 (s) + 3 H

+ (3-6) 

Cr2O7
2− + 14 H+ + 6 e−  

              
→     2 Cr3+ + 7 H2O (3-7) 

 

 

Figure 3.21 Cr(VI) removal curves under different initial pH (The dose of TE-nZVI = 

28 mg/L, the initial Cr(VI) concentration = 25 mg/L, Temperature = 25 ℃) 
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Figure 3.22 First order fitting of Cr(VI) removal under different initial pH (The dose 

of TE-nZVI = 28 mg/L, the initial Cr(VI) concentration = 25 mg/L, Temperature = 

25 ℃); the reaction was divide to the first stage (0 – 1 min) and the second reduction-

controlled stage (1 – 40 min). 

 

3.3.3 Temperature 

Temperature plays a significant role in almost any physical and chemical reaction. More 

specifically, with the temperature increase, the molecules possess higher kinetic energy, 

which means the reactant molecules will have higher possibility to collide effectively 

with each other and react. Therefore, higher temperature might increase the reaction 

rate. The temperature changes during a whole year and even a single day might be 

considerably large, so it would be very critical to explore the effect of temperature on 

chromium degradation before the realistic industrial application.  
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As schematically depicted in Figure 3.23, the degradation efficiency of hexavalent 

chromium will increase from 86.0% to 97.0% with the reaction temperature from 25℃ 

to 58℃. The Cr(VI) reduction curves for these four groups can be fitted well with first-

order reaction model, displayed in Figure 3.24. The reaction rate constant for each 

group with increasing temperature is 0.0119 min-1, 0.0197 min-1, 0.0303 min-1 and 

0.0495 min-1 respectively. Besides, according to the original Arrhenius equation, shown 

in the equation (3-8), and its linearized form in (3-9). Also the relationship between ln(k) 

and 1000/T was plot at Figure 3.25, indicating the slope of 4.21; the activated energy 

Ea for the reduction of Cr(VI) using nZVI can be calculated, which is 35.01 kJ/mol. 

 

Ea for general chemical reactions are around 42 kJ/mol to 420 kJ/mol, 97 being higher 

than the value of activated energy calculated in this study. Thus, the reduction of Cr(VI) 

applied with TE-nZVI is promptly happened. Namely, TE-nZVI generated in this 

project worked effectively on Cr(VI) reduction. 

 

k = Ae−
Ea
RT (3-8) 

              
⇒         ln(k) =  −

Ea
1000R

 (
1000

T
) + ln (A) (3-9) 
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Figure 3.23 Cr(VI) removal curves under different reaction temperatures (The initial 

pH = 4, the dose of TE-nZVI = 28 mg/L, the initial Cr(VI) concentration = 25 mg/L) 
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Figure 3.24 First order fitting of Cr(VI) removal under different reaction 

temperatures (The initial pH = 4, the dose of TE-nZVI = 28 mg/L, the initial Cr(VI) 

concentration = 25 mg/L); the reaction was divide to the first stage (0 – 1 min) and the 

second reduction-controlled stage (1 – 40 min). 

 

 

Figure 3.25 Linear fitting for the relationship between ln k and T/1000 

 

3.4 Sulfamethazine Degradation 
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possess very similar elusion times, and they were extremely difficult to be separated 

and identified by HPLC. 

 

As illustrated in Figure 3.26, applied with the elusion method in this study, the 

characteristic peak of sulfamethazine will be eluded out the column between 7.075 min 

and 7.50 min. However, there is also an obvious peak around this area contributed by 

some of the components in tea extract, which can be observed in Figure 3.27. Besides, 

these two different signals coming from both the sulfamethazine and the unknown 

components will overlay with each other and the total signal (peak integration) can be 

calculated algebraically. The HPLC chromatogram for the complex solution of 

sulfamethazine and nZVI was displayed in Figure 3.28. Herein, the net signal intensity 

contributed by sulfamethazine during reaction process was calculated by the subtraction 

of background signal from unknown components in nZVI from the total signal intensity.  

 

 

Figure 3.26 HPLC chromatogram for 10 mg/L of sulfamethazine in water 
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Figure 3.27 HPLC chromatogram for 56 mg/L TE-nZVI in water 

 

 

Figure 3.28 HPLC chromatogram for the mixed solution of 10 mg/L sulfamethazine 

and 56 mg/L TE-nZVI 
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3.4.2 Reduction 

The removal of sulfamethazine by nZVI due to the reduction process was explored, and 

both the reactants ratio and the pH were studied as the possible influential factors. 

 

3.4.2.1 Reactants Ratio 

In these batch experiments for exploring the influence of reactants ratio, TE-nZVI 

dosages were kept constant while the initial concentration of sulfamethazine was varied. 

 

As shown in Figure 3.29, there was scarcely any removal efficiency displayed for 4 

mL tea extract, which was illustrated by the legend “Tea”, showing that the tea 

polyphenols were not able to attack sulfamethazine’s structure. Meanwhile, the 

degradation efficiencies for the groups with increasing initial sulfamethazine 

concentration and applied with 58 mg/L TE-nZVI were 89.2%, 64.6%, 52.5% and 31.6% 

respectively. Sulfamethazine couldn’t be removed further when all active sites on iron 

particles’ surface were occupied. Hereby, the removal efficiency for high-concentration 

sulfamethazine would be lower than that of low-concentration groups. 

 

In addition, the phenomenal of steric hindrance was highlighted when the reactants 

molecules were relatively large and complex, and the reaction rate constant would 

decrease drastically with the increasing steric hindrance. 98 As the premise of same dose 

of TE-nZVI (5.6 mg), the amount of sulfamethazine removed in the aqueous phase 

would increase with the initial sulfamethazine concentration increasing, as illustrated 
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in Figure 3.30, and a threshold around 0.32 could be told, which means 5.6 mg TE-

nZVI particles were able to remove 0.32 mg sulfamethazine in the solution, hence the 

removal capacity of TE-nZVI on sulfamethazine could be expressed as 57.14 mg/g.  

 

Similar with Cr(VI) removal reaction, the kinetic tendency between 0 to 1 min was hard 

to be determined due to the extremely fast reaction rate, so only the second reduction-

controlled stage was discussed in this study. As schematically depicted in Figure 3.31, 

the second stage could be fitted well with first-order kinetic model, and the rate 

constants for four groups with increasing initial sulfamethazine concentration from 1 

mg/L to 10 mg/L were 0.0221 min-1, 0.00768 min-1, 0.00623 min-1 and 0.00324 

respectively. 

 

Figure 3.29 Sulfamethazine removal curves with different initial sulfamethazine 

concentration (The initial pH = 4, the TE-nZVI dosage = 56 mg/L) 
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Figure 3.30 Prediction for the relationship of initial sulfamethazine concentration vs. 

aqueous sulfamethazine removed (The initial pH = 4, TE-nZVI = 56 mg/L) 

 

Figure 3.31 First order fitting of sulfamethazine removal reaction with different 
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initial sulfamethazine concentration (The initial pH = 4, TE-nZVI = 56 mg/L); the 

reaction was divided to the first stage (0 – 1 min) and the second reduction-controlled 

stage (1 – 40 min) 

 

3.4.2.2 pH 

The pH significantly affects particles stability, surface charges and hydrodynamic size. 

The pH of the natural soil and water body varies with the sites, so it’s considerably 

essential to explore the effect of different pH on sulfamethazine degradation applied 

with TE-nZVI. 

 

As schematically depicted in Figure 3.32, the degradation efficiency of sulfamethazine 

after 80 min reaction at pH 4, 7 and 10 were 31.7%, 26.4% and 20.1% respectively. The 

tendency of degradation efficiency decreasing with increasing pH. The second stage of 

sulfamethazine reduction was fitted with first order kinetic model, as illustrated at 

Figure 3.33, and the rate constant for pH 4 was higher than that of pH 7 and pH 10, 

which was elaborated below. 

 

The anionic (deprotonated) form of sulfamethazine were predominant at basic solution 

environment, because sulfamethazine’s pKa are 2.65 and 7.4. 99 It was known that TE-

nZVI particles would present more negative charges on their surface in basic solution, 

causing the increase of repulsive force between anionic sulfamethazine and iron 

particles. Herein, both the degradation efficiency and the reaction rate were decreased 
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with the increasing pH in the reaction solution. 

 

 

Figure 3.32 Sulfamethazine removal curves at different initial pH (The initial 

sulfamethazine concentration = 10 mg/L, the TE-nZVI dosage = 56 mg/L) 
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Figure 3.33 First order fitting of sulfamethazine removal reaction at different initial 

pH (The initial sulfamethazine concentration = 10 mg/L, TE-nZVI = 56 mg/L); the 

reaction was divided to the first stage (0 – 1 min) and the second reduction-controlled 

stage (1 – 40 min) 
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TE-nZVI and sulfamethazine solution were studied, which were depicted schematically 

in Figure 3.34 and Figure 3.35. The signal contributed by TE-nZVI in the HPLC 

chromatogram was assumed as the constant in the reaction, but the intensity would 

increase approximately from 310000 to 560000 instantly after adjusting the pH to 1±

0.1, and kept stable at it. The reason might be caused by the dissolving of iron particles, 

and the phenol group ligands were released back to the aqueous phase then risen up the 

intensity. Meanwhile, the effect of pH 1 on sulfamethazine degradation was limited, the 

degradation efficiency was about 5.4% at 1 hour reaction, and an evident fragment 

could be told at the retention time of 9.4 mins in HPLC figure, displayed in Figure 3.36, 

which means a certain intermediate from sulfamethazine was produced at the aqueous 

condition of pH 1. 

 

By reason of polyphenols interferences, the signals from sulfamethazine intermediates 

and molecules fragments in TE-nZVI treatment couldn’t be told readily in regular 

HPLC chromatograms, so the cleaner treatment system based on BH-nZVI with the 

similar reaction mechanism was applied to observe the fragments after reaction. As 

illustrated in Figure 3.37, the degradation efficiency of sulfamethazine treated by BH-

nZVI was 13.8% at 30 mins’ reaction, and decreased to 1.1% after adjusting the pH to 

1 for 10 min. Figure 3.38 (a) and (b) showed that there was no new fragment signal 

observed after 30 mins’ reduction based on BH-nZVI suspension, and the second 

fragment signal whose retention time was 2.1 min was found at Figure 3.38 (c) besides 

the one observed at Figure 3.36 (b) which was contributed by effect of pH 1. The 
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reasonable explanation was that the fragment #2 possesses higher affinity to iron 

particles due to hydrogen bonds and Van der Waal’s forces compared to sulfamethazine, 

hence it could be removed from the aqueous phase by the adsorption process. After all 

iron particles were dissolved under pH 1 condition, both these sulfamethazine 

fragments/intermediates and sulfamethazine molecules would be released to the 

solution. Or since the heterogeneous reaction was based on the particles’ surface, the 

process of products detachment might be extremely hard to occur, so the products after 

reduction reaction couldn’t be found in the aqueous phase, and the active sites on BH-

nZVI particles’ surface were strenuous to be reactivated, resulting in the dramatically 

low degradation efficiency.  

 

 

Figure 3.34 HPLC chromatogram of 56 mg/L TE-nZVI (0.89 GAE(III)/GAE) after 

pH adjusted to 1 indicating the intensity increased instantly and kept the constant 
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basically 

 

 

Figure 3.35 Sulfamethazine removal curve at pH 1 (The initial sulfamethazine 

concentration = 10 mg/L) 

 

 

Figure 3.36 HPLC chromatogram for 10 mg/L sulfamethazine at pH 4 (a) and after 

being adjusted to pH 1 for 60 min (b) 
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Figure 3.37 Removal curve of 10 mg/L sulfamethazine applied with 56 mg/L BH-

nZVI (The initial pH = 4); pH adjustment (pH 1) at the 30th min showing the 

springback of sulfamethazine concentration 

 

0 10 20 30 40

0.0

0.2

0.4

0.6

0.8

1.0

C
t/C

0

Time (min)



90 

 

 

Figure 3.38 HPLC chromatogram for 10 mg/L sulfamethazine at pH 4 (a), reacted 

with 56 mg/L BH-nZVI for 30 min (b), and then pH adjustment (pH 1) for 10 min (c) 
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decreased drastically, and the removal efficiency for sulfamethazine was increased to 

40.2% at the 80th min. 
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Figure 3.39 Removal curve of 10 mg/L sulfamethazine applied with 56 mg/L TE-

nZVI (The initial pH = 4); pH adjustment (pH 1) at the 30th min showing the 

sulfamethazine concentration springback followed by the abatement 
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mechanisms for contaminants degradation, the first one is based on the oxygen supplied 

by H2O2, the biotransformation process of organic contaminants would be accelerated 

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0

C
t/C

0

TIme (min)



92 

 

and enhanced under oxidant-rich condition, and catalases or catalyst might be required 

for the decomposition of hydrogen peroxide. The other mechanism is the Fenton 

reaction, which was the method used in this study for sulfamethazine degradation, iron-

contained catalysts were expected to be added to catalyze the hydrogen peroxide and 

trigger the Fenton reaction, the mechanism would be discussed with details in the 

Fenton section below. 

 

In this section, oxidation reaction was conducted to explore the influence of H2O2 on 

the sulfamethazine degradation. Since the determination method of sulfamethazine in 

this study was based on the constant background signals contributed by polyphenols in 

the nZVI suspension, and the high concentration H2O2 would degrade these 

polyphenols and change the background signal to a large extent, the specific details 

would be discussed in Fenton section (Section 3.4.6). Besides, the H2O2 with the 

concentration over 0.1 mM in the cell was regarded as being toxic. 100, 101 

 

Considering these two reasons described above, the concentration of H2O2 was limited 

at 0.1 mM in the reaction solution. An approximately sulfamethazine degradation 

efficiency of 1.4% was reached after 80 min reaction, not any fragment was observed 

at 254 nm UV detector within the elution method used. Without any auxiliary assisted, 

the oxidizing capacity of or reactive species generated from 0.1 mM H2O2 was far away 

from degrading substantial amounts of sulfamethazine. The second stage was fitted 

with the first-order kinetic model and displayed at Figure 7.4 in appendix. 
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Figure 3.40 Removal curve of 10 mg/L sulfamethazine applied with 0.1 mM H2O2 

(The initial pH = 4) 
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relaxation processes. Some of them might release the absorbed energy with the 

approach of phosphorescence or fluorescence, like carbon quantum dots (CQDs), 103 

while others would be decomposed to photoproducts in most of cases. 102 Meanwhile, 

in terms of the photo-initiated oxidation process, some highly reactive species, 

including hydrogen atoms (H·), hydrated electrons (eaq
-) and hydroxyl radicals (HO·), 

can be produced during the radiolysis of the given auxiliary materials such as water, 

and these species can play an significant role in refractory contaminants degradation 

for their high absolute standard electrode potential (SEP). 104 The hydrated electrons – 

one of them surrounded by 4, 6 or 8 water molecules – possessing the reduction 

potential of -2.87 eV, was known as the strongest reducing reagent by far, while the 

SEP for hydroxyl radicals was 2.80 eV, which was high enough to oxidize and destroy 

most of persistent pollutants. 89, 105 

 

The reaction for air-free water degradation and reactive species production under the 

radiation was displayed in Equation (3-10). 105-107 Compared to other kinds of physical 

irradiation method, like gamma irradiation, UV is much more economic method. Then, 

UV was set as the irradiation source at this study. 

 

H2O 
        hv       
→       2.8HO ∙  + 2.7eaq

− + 0.6H ∙  +0.45H2 + 0.72H2O2 

+3.2Haq
+ + 0.5OHaq

−  

(3-10) 

 

Where the numbers in Equation (3-10) indicate the number of each kind of species 
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produced per 100 eV energy absorbed, and the SI units, μmol/J, can be obtained from 

these numbers by multiplying with a factor of 0.1036. 105 

 

As shown in Figure 3.41, the degradation efficiency of sulfamethazine was extremely 

limited, that less than 1% degradation efficiency could be achieved at 60 min might be 

resulted from few radicals and/or any other reactive species could be produced during 

60 min of 36-Watt irradiation, namely, the catalysis reaction couldn’t be triggered under 

the radiolysis of ultraviolet light. In addition, no known regular order can be fitted to 

the reaction in this photolysis experiment, the kinetics of sulfamethazine degradation 

would be discussed here. 

 

Nevertheless, according to the results from Wang and et al, 104 an approximate 95% of 

sulfamethazine degradation efficiency could be reached when 1 kGy of gamma 

irradiation applied without any other auxiliaries. 
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Figure 3.41 Removal curve of 10 mg/L sulfamethazine with the UV irradiation (The 

initial pH = 4, P = 36 watt) 

 

3.4.5 Dark Fenton 

In addition to the experiments where sulfamethazine reduced by nZVI, the addition of 

hydrogen peroxide to the solution was investigated to include Fenton type reactions that 

could further degrade the contaminants. The effect of initial pH value on the 

degradation efficiency of sulfamethazine was explored as well. 

 

3.4.5.1 pH 

It was illustrated at Figure 3.42 and Figure 3.43 that the degradation efficiencies 

decreased with the pH increased, the approximate 81.1%, 56.2% and 48.8% of 

degradation efficiency could be achieved after 80 mins reaction for these 3 groups with 
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the increasing pH value. 

 

 

Figure 3.42 Removal curve of 10 mg/L sulfamethazine applied with 56 mg/L TE-

nZVI with the addition of 0.1 mM H2O2 at different initial pH 
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Figure 3.43 First order fitting for removal curves of 10 mg/L sulfamethazine applied 

with 56 mg/L TE-nZVI with the addition of 0.1 mM H2O2 at different initial pH; the 

reaction was divided to the first stage (0 – 1 min) and the second stage (1 – 40 min) 

 

It is generally acknowledged that radicals would be the predominant species to 

destroying contaminants in acidic condition while the major functional species working 

on contaminants degradation in neutral and basic circumstance would be some high-

valent iron species, such as FeO2+ and FeO3+. 35, 36, 108-110 Both the oxidation potential 

and activity in the solution for high-valent iron species is less than that of hydroxyl 

radicals (E(Feaq
4+/Fe aq

3+) ≈ 1.65 eV at pH 3.0, E(∙OH/H2O) ≈ 2.38 eV at pH 3.0). 

36, 37 Herein, both the reaction rate and the degradation efficiency in acid solution were 

larger than basic or that in neutral condition.  
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Besides, the sulfamethazine removal rate in these groups of experiments were not only 

contributed by Fenton reaction, but the adsorption capacity of nZVI. As mentioned at 

Section 3.4.2.2, the surface charge of nZVI particles would be different under different 

pH, the zeta-potential of TE-nZVI particles would be more negative with pH increased, 

and the higher pH value in the solution was beneficial to the dissociation of 

sulfamethazine molecules, the anionic sulfamethazine would predominate the total 

contaminants. In this case, contaminants in the solution would be more difficult to 

contact or react with iron particles because of the larger electrostatic repulsive force 

under neutral or basic condition, and then lower sulfamethazine degradation efficiency 

and reaction rate occurred under such circumstance. 

 

Additionally, the iron on the particles’ surface was readily dissolved under acid 

condition, and the ferrous ions could catalyze H2O2 and trigger the homogeneous 

Fenton reaction with high reaction activity; while in basic condition, the H2O2 would 

be massively decomposed to O2 and H2O via non-radical pathway, instead of producing 

reactive ∙OH. 36 Therefore, the heterogeneous Fenton reaction based on TE-nZVI would 

possess optimal performance at pH 4. 

 

3.4.6 Reduction followed by Fenton 

In this section, the 2-step process of reduction with TE-nZVI followed by Fenton 

reaction was presented. The first step is the reduction reaction between the contaminant 

sulfamethazine and iron particles, the surface of iron particles is oxidized in this step. 
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Meanwhile, iron oxides generated during the reduction process will act as the catalyst 

in the second step, Fenton treatment. Fenton reaction was triggered in 30 minutes with 

the hydrogen peroxide addition. 

 

 

Figure 3.44 Removal curve of 10 mg/L sulfamethazine applied with 56 mg/L TE-

nZVI (The initial pH = 4) with the addition of 0.1 mM H2O2 at the 30th min 
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Figure 3.45 First-order fitting for removal curve of 10 mg/L sulfamethazine applied 

with 56 mg/L TE-nZVI with the addition of 0.1 mM H2O2 at the 30th min (The initial 

pH = 4); the reaction was divided to the first reduction stage (0 – 30 min) and the 

second reduction-controlled stage (30 – 45 min) 

 

Nevertheless, the results illustrated at Figure 3.44 indicated that the sulfamethazine 

removal rate under reduction followed by Fenton was even 10% lower than that under 

pure Fenton treatment. With respect to the active sites on the surface of nZVI particles 

and the hydrogen peroxide at the earlier stage the constants, the reaction was fitted well 

by the first order kinetics with 2 different rate constants, which was illustrated at Figure 

3.45. Theoretically, the surface of nZVI particles would be oxidized during the first-

step reduction process, and the surface iron oxides can catalyze the hydrogen peroxide, 

added during the second step, to produce reactive radicals, which can degrade the 
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sulfamethazine. Nevertheless, considering the dose of hydrogen peroxide added was 

very limited, so iron oxides generated at the first reduction step won’t promote the H2O2 

activation further. Namely, the iron oxides on the original nZVI were enough to catalyze 

the limited of 0.1 mM hydrogen peroxide. Besides, the surface of iron particles could 

be oxidized by hydrogen peroxide added instantaneously, so the positive effect of 2-

step Fenton treatment on contaminants degradation was considerably limited. 

 

Meanwhile, during the first step, sulfamethazine molecules were adsorbed on the 

surface on iron particles and may have prevented some H2O2 molecules from contacting 

to iron particles surface and reacting with them, so the processes of hydrogen peroxide 

activation and radicals production would be limited. On the contrary, nZVI suspended 

and H2O2 were added synchronously in the pure Fenton experiment, so both the 

sulfamethazine molecules/ions and hydrogen peroxide can be adsorbed to the surface 

of nZVI simultaneously, and radicals produced would work on the sulfamethazine 

degradation. Accordingly, the reduction followed by Fenton reaction possessed lower 

sulfamethazine removal efficiency than the pure Fenton treatment. 

 

3.4.7 Photo-assisted Reduction 

Compared to the sulfamethazine degradation efficiency of 31.4% in reduction 

experiment group, only around 21.4% was reached when the UV light applied. 

 

As descripted above in Section 3.4.4, only a considerably slight degradation efficiency 
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was observed on the photolysis, which means the amount of reactive species generated 

via UV light (P = 36 watt) was far away from degrading sulfamethazine. Conversely, 

the phenomenon of antagonism occurred when applying the UV light into the original 

reduction system, because the temperature in the solution, heated by UV light, might 

speed up the oxidation process of nZVI particles, then the reactive sites and adsorption 

capacity might be negatively influenced by the oxidized and eroded particles surface. 

Another possible reason for the loss in efficiency was the thermodynamics interference, 

i.e., the adsorption process between TE-nZVI particles and sulfamethazine was 

probably an exothermic reaction, which means the increased temperature would impede 

the adsorption process or enhance the rate of desorption. 

 

For the involved of UV light, the system might be different from the only-reduction 

reaction. More specifically, the active sites and reaction mechanism might be altered 

and interfered, so it couldn’t be fitted by the ideal kinetic model. The poor first-order 

fitting was displayed at Figure 7.5 in appendix. 
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Figure 3.46 Removal curve of 10 mg/L sulfamethazine applied with 56 mg/L TE-

nZVI with the UV irradiation (The initial pH = 4, P = 36 watt) 

 

3.4.8 Photo-assisted Oxidation 

Theoretically, the experiment of photo-assisted oxidation conducted here did utilize the 

advantages of photolysis and oxidation synergetically, hydrogen peroxide was used as 

the auxiliary for enhancing the effect of photolysis. Hydrogen peroxide can be split to 

hydroxyl radicals under the radiation, as well as can react with hydrogen atoms and 

hydrated electrons generated by water radiolysis and convert them to more reactive 

hydroxyl radicals, the equations were depicted below. 104, 111-113 
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H2O2 + eaq
−  

          hv          
→         HO ∙ +OH− (3-12) 

H2O2 + H ∙ 
          hv          
→         2HO ∙  +H2O (3-13) 

 

As shown in Figure 3.47, the degradation efficiency of sulfamethazine for the photo-

assisted oxidation experiment was around 2.3%, which was higher than the individual 

photolysis or oxidation. Hence, the synergetic effect was observed to a certain extent. 

The limit-energy ultraviolet light and low-amount hydrogen peroxide would be the 

factors restricting the degradation efficiency of sulfamethazine. For the low degradation 

efficiency, the reaction couldn’t be fitted with regular kinetic model. The first order 

fitting was displayed at Figure 7.6 in appendix, and the correlation coefficient (R2) was 

0.591. 

 

 

Figure 3.47 Removal curve of 10 mg/L sulfamethazine applied with 0.1 mM H2O2 
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under the UV irradiation (The initial pH = 4, P = 36 watt) 

 

3.4.9 Photo-assisted Fenton 

The UV radiation can accelerate the Fe(II)/Fe(III) ions recycle, as shown in Equation 

(3-14), 114-118 extra HO∙ would be produced, and Fe2+ regenerated could be fed into the 

catalysis of hydrogen peroxide, depicted at Equation (1-3). Also, Pignatello 116 and 

Bossmann 37 found the irradiation of the complex, formed of Fe(III) and H2O2, would 

enhance the reaction rate of high-valent iron production, ferryl species would be 

produced massively while the amount of H2O2 was consumed. 

 

Fe3+ + H2O
          hv          
→         Fe2+ + H+ +  HO ∙ (3-14) 

 

As illustrated in Figure 3.48, the removal efficiency of 75% was achieved at 30 min, 

and slight abatement, less than 4%, was observed in the next 50 min. The curve under 

photo-Fenton system was basically overlapped with that in dark-Fenton during the first 

30 min, and the changes occurred at the following 50 min. Ultimately, the removal 

efficiency in this photo-Fenton was about 8.6% less than that in dark-Fenton treatment 

system at 80 min. Due to the involved of UV light, the stability of the Fenton system 

might be influenced, which means it could not be fitted perfectly with the ideal kinetic 

models. The first ordering fitting with the R2 of 0.646 was illustrated at Figure 7.7 in 

appendix. 
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As mentioned above, according to the results from some research groups, the reaction 

between Fe(III) and H2O2 could be accelerated under the photolysis, and then ferryl 

ions, such like FeO2+ with lower SEP compared to radicals, would be produced 

massively, causing the decreasing of sulfamethazine degradation efficiency. Meanwhile, 

the recycle of Fe(III)/Fe(II) was not a constraint in this experiment, since the 

concentration of H2O2 in the solution was so considerably low that the Fe(II) existed in 

this system was enough to catalyze all H2O2 remained. 

 

In addition, with the irradiation of UV light, the temperature of the solution increased 

to 62 ℃ from 25 ℃ after 80 mins reaction. The increased temperature might also have 

a certain negative influence on the iron particles. For instance, the higher temperature 

(62 ℃) could accelerate the oxidation and aggregation process of zero-valent iron 

particles, then the adsorption capacity of nZVI might be impaired, causing the 

decreasing of sulfamethazine removal efficiency. 
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Figure 3.48 Removal curve of 10 mg/L sulfamethazine applied with 56 mg/L TE-

nZVI and 0.1 mM H2O2 under the UV irradiation (The initial pH = 4, P = 36 watt) 

 

4. CONCLUSIONS 

An ecological method, replacing sodium borohydride with yerba mate extract to reduce 

ferric ions, was applied to fabricate nanoscale zero-valent iron (nZVI) particles. This 

iron particles based on tea extract (TE-nZVI) particles possess peerless performance on 

dispersibility and stability compared to the nZVI based on the traditional borohydride-

reduction method. No response was observed for the novel iron particle fabricated in 

this study under the magnetic field of regular magnet. 

 

The content of polyphenols in yerba mate extract was quantified as gallic acid 

equivalent (GAE), which was overwhelming majority of natural plants reported. nZVI 
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with the reactants molar ratio of 0.89 Fe(III)/GAE was assumed as the optimal 

candidate for the remediation reagent for the future application, considering few factors, 

including but not limited to the particles’ surface charge, hydrodynamic diameter, dried 

size and chromium reduction capacity. The adsorption capacity of the optimal nZVI on 

10 ppm methylene blue was 104.3 mg/g under pH 4, and the removal efficiency 85.22% 

was contributed from the adsorption efficiency 58.41% and the degradation efficiency 

26.81%. Additionally, both the zeta-potential and hydrodynamic size of TE-nZVI 

would be altered with the pH changing, the hydrodynamic diameter Dh would increase 

from 2400 nm @ pH 4 to 4300 nm @ pH 9, while the zeta-potential Eζ, was decreased 

from -13.4 mV @ pH 3 to -48.8 mV @ pH 11, and the TEM size for dried iron particles 

were around 35.6 nm. No specific peak was observed in the XRD pattern, which means 

TE-nZVI particles were amorphous, the FTIR spectrum indicated that several 

functional groups such as C=C, phenol C-O and carboxylic O-H were observed. 

 

The potential influences of reactants ratio, pH and temperature on Cr(VI) reduction 

were explored. The removal capacity of TE-nZVI on Cr(VI) in aqueous phase under 

pH 4 and room temperature was around 768 mg/g. According to the EELS analysis, 

Cr(VI) was reduced to Cr(III) while nZVI was oxidized to Fe(II) and Fe(III). 

Meanwhile, the low pH was beneficial for Cr(VI) reduction, and the original pH for the 

solution being treated was interfered with the acidic TE-nZVI suspension to some 

extent, so the pH adjustment for water after treatment might be required before 

discharging. In addition, the reaction process of Cr(VI) reduction could be accelerated 
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under high temperature, and the activated energy Ea calculated was 35 kJ/mol, being 

lower than that of general chemical reactions, around 42 kJ/mol to 420 kJ/mol. 

Therefore, the relatively high removal capacity, 768 mg/g, and low activated energy, 35 

kJ/mol, enable TE-nZVI to be an excellent remediation material for Cr(VI) 

contaminants. 

 

Besides the reduction of inorganic Cr(VI), an organic contaminant-sulfamethazine-was 

also explored for the thermodynamic and kinetic parameters as well as reaction 

mechanism with the treatment of nZVI reduction, dark and photo-assisted Fenton 

reaction. The degradation efficiencies of sulfamethazine brought by hydrogen peroxide, 

36-watt UV irradiation and their synergetic system were extremely limited, lacking 

practical significance. With respect to the reduction system, the removal capacity of 

TE-nZVI on sulfamethazine solution with pH 4 and room temperature was around 

57.14 mg/g, which could be impaired slightly in solution with higher pH, the 

mechanism of adsorption for sulfamethazine removal was not quantified but qualitative. 

For the Fenton treatment system, TE-nZVI particles’ removal capacity on 

sulfamethazine was increased to 144.82 mg/g, and the solution pH could influence the 

sulfamethazine removal efficiency massively, the removal capacity would decrease 

with the pH increasing and drop to 86.98 mg/g in the solution of pH 10, because the 

radicals production was limited in neutral and basic circumstance, while ferryl species 

with lower oxidative potential than HO∙ radicals would be generated instead, causing 

the sulfamethazine removal efficiency to decrease. For the system with reduction 
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followed by Fenton reaction, the removal capacity of 123.73 mg/g was obtained, which 

was approximately 14.56% decreasing, the possible reason was that the contacting and 

reaction processes between hydrogen peroxide and nZVI particles were impeded with 

the steric hindrance of sulfamethazine molecules and their intermediates on iron 

particles’ surface. With respect to the photo-assisted treatment system, the negative 

influence of UV light on sulfamethazine removal efficiency was observed for both 

reduction and oxidation treatment, with the removal capacity of 38.57 mg/g and 129.46 

mg/g respectively, about 32.5% and 10.6% decreasing compared to the dark reduction 

and Fenton system. The uncustomary decreasing might be resulted from the 

accelerating oxidation and corrosion processes of TE-nZVI particles, and the generation 

of ferryl species that were promoted under the irradiation, resulting in a lower removal 

performance. 

 

The excellent performances of TE-nZVI on Cr(VI) reduction and sulfamethazine 

degradation in conjunction with dispersibility and stability qualify it to be an eminent 

material for contaminants remediation. 
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5. FUTURE STUDY 

Though TE-nZVI particles’ property as well as their general remediation performance 

on contaminants, including inorganic Cr(VI) and organic sulfamethazine, have been 

characterized and explored, there exist some other parameters and components 

expected to be measured further. 

 

For the magnetic property of TE-nZVI particles, since no response was observed under 

the magnetic field of regular magnet, TE-nZVI might possess considerably low 

magnetic susceptibility χm, which was supposed to be quantified by superconducting 

quantum interference devices (SQUID) magnetometer. Additionally, the complex 

products after Cr(VI) reduction should be identified future.  

 

After the treatment of BH-nZVI reduction, the fragments #1 and #2, illustrated at 

Figure 3.38 (c) in Section 3.4.2.3, with the retention time of 9.4 mins and 2.1 mins 

respectively were expected to be identified via liquid chromatography with tandem 

mass spectrometry (LCMSMS). Under this circumstance, it would be easier to identify 

and quantify the intermediates with the reduction and Fenton treatment based on TE-

nZVI. 

 

Ultimately, it’s critically imperative to explore the toxicity and biodegradability of 

solution after the reduction and Fenton treatment, since the significance of 

sulfamethazine degradation study would be limited if the components after reduction 
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and Fenton treatment based on TE-nZVI were still harmful and toxic for the natural 

environment and creatures. 

  



114 

 

6. REFERENCES 

1. Jarup, L., Hazards of heavy metal contamination. Brit Med Bull 2003, 68, 167-182. 

2. Karadede, H.; Unlu, E., Concentrations of some heavy metals in water, sediment and fish species 

from the Ataturk Dam Lake (Euphrates), Turkey. Chemosphere 2000, 41 (9), 1371-1376. 

3. Wang, Y. P.;  Shi, J. Y.;  Wang, H.;  Lin, Q.;  Chen, X. C.; Chen, Y. X., The influence of soil 

heavy metals pollution on soil microbial biomass, enzyme activity, and community composition near a 

copper smelter. Ecotox Environ Safe 2007, 67 (1), 75-81. 

4. Mohan, D.;  Singh, K. P.; Singh, V. K., Removal of hexavalent chromium from aqueous solution 

using low-cost activated carbons derived from agricultural waste materials and activated carbon fabric 

cloth. Ind Eng Chem Res 2005, 44 (4), 1027-1042. 

5. Cheung, K. H.; Gu, J. D., Mechanism of hexavalent chromium detoxification by microorganisms 

and bioremediation application potential: A review. Int Biodeter Biodegr 2007, 59 (1), 8-15. 

6. Pellerin, C.; Booker, S. M., Reflections on hexavalent chromium - Health hazards of an industrial 

heavyweight. Environ Health Persp 2000, 108 (9), A402-A407. 

7. Mohan, D.; Pittman, C. U., Activated carbons and low cost adsorbents for remediation of tri- and 

hexavalent chromium from water. J Hazard Mater 2006, 137 (2), 762-811. 

8. Dionex, Determination of Cr(VI) in water, wastewater and solid waste extracts. In Technical Note 

26, Corporation, D., Ed. Dionex Corporation: 1996. 

9. Marsh, T. L.; McInerney, M. J., Relationship of hydrogen bioavailability to chromate reduction in 

aquifer sediments. Appl Environ Microb 2001, 67 (4), 1517-1521. 

10. Sarmah, A. K.;  Meyer, M. T.; Boxall, A. B. A., A global perspective on the use, sales, exposure 

pathways, occurrence, fate and effects of veterinary antibiotics (VAs) in the environment. Chemosphere 

2006, 65 (5), 725-759. 

11. Hirsch, R.;  Ternes, T.;  Haberer, K.; Kratz, K. L., Occurrence of antibiotics in the aquatic 

environment. Sci Total Environ 1999, 225 (1-2), 109-118. 

12. Lalumera, G. M.;  Calamari, D.;  Galli, P.;  Castiglioni, S.;  Crosa, G.; Fanelli, R., Preliminary 

investigation on the environmental occurrence and effects of antibiotics used in aquaculture in Italy. 

Chemosphere 2004, 54 (5), 661-668. 

13. Mellon, M.;  Benbrook, C.; Benbrook, K. L., Hogging it : estimates of antimicrobial abuse in 

livestock. Union of Concerned Scientists: Cambridge, MA, 2001; p xiv, 109 p. 

14. O'Neil, M. J., The Merck Index, 13th Edition, CD-ROM (Macintosh): An encyclopedia of 

chemicals, drugs & biologicals. Merck Publ. Group 2001, 2209-2209. 

15. Lai, H. T.; Hou, J. H., Light and microbial effects on the transformation of four sulfonamides in eel 

pond water and sediment. Aquaculture 2008, 283 (1-4), 50-55. 

16. Frei, B.; Higdon, J. V., Antioxidant activity of tea polyphenols in vivo: Evidence from animal 

studies. J Nutr 2003, 133 (10), 3275s-3284s. 

17. Filip, R.;  Lotito, S. B.;  Ferraro, G.; Fraga, C. G., Antioxidant activity of Ilex paraguariensis and 

related species. Nutr Res 2000, 20 (10), 1437-1446. 

18. Heck, C. I.; De Mejia, E. G., Yerba Mate tea (Ilex paraguariensis): A comprehensive review on 

chemistry, health implications, and technological considerations. J Food Sci 2007, 72 (9), R138-R151. 

19. Hoag, G. E.;  Collins, J. B.;  Holcomb, J. L.;  Hoag, J. R.;  Nadagouda, M. N.; Varma, R. S., 

Degradation of bromothymol blue by 'greener' nano-scale zero-valent iron synthesized using tea 

polyphenols. J Mater Chem 2009, 19 (45), 8671-8677. 



115 

 

20. Zhang, W. X., Nanoscale iron particles for environmental remediation: An overview. J Nanopart 

Res 2003, 5 (3-4), 323-332. 

21. Yang, K.; Xing, B. S., Adsorption of Organic Compounds by Carbon Nanomaterials in Aqueous 

Phase: Polanyi Theory and Its Application. Chem Rev 2010, 110 (10), 5989-6008. 

22. Lowry, G. V.; Johnson, K. M., Congener-specific dechlorination of dissolved PCBs by microscale 

and nanoscale zerovalent iron in a water/methanol solution. Environ Sci Technol 2004, 38 (19), 5208-

5216. 

23. Boparai, H. K.;  Joseph, M.; O'Carroll, D. M., Kinetics and thermodynamics of cadmium ion 

removal by adsorption onto nano zerovalent iron particles. J Hazard Mater 2011, 186 (1), 458-465. 

24. Wilkin, R. T.;  Su, C. M.;  Ford, R. G.; Paul, C. J., Chromium-removal processes during 

groundwater remediation by a zerovalent iron permeable reactive barrier. Environ Sci Technol 2005, 39 

(12), 4599-4605. 

25. EPA, Permeable Reactive Barrier Technologies for Contaminant Remediation. Agency, U. S. E. P., 

Ed. EPA: Washington DC 20460, 1998. 

26. Sun, Y. P.;  Li, X. Q.;  Cao, J. S.;  Zhang, W. X.; Wang, H. P., Characterization of zero-valent 

iron nanoparticles. Adv Colloid Interfac 2006, 120 (1-3), 47-56. 

27. Li, X. Q.;  Elliott, D. W.; Zhang, W. X., Zero-valent iron nanoparticles for abatement of 

environmental pollutants: Materials and engineering aspects. Crit Rev Solid State 2006, 31 (4), 111-122. 

28. Raveendran, P.;  Fu, J.; Wallen, S. L., Completely "green" synthesis and stabilization of metal 

nanoparticles. J Am Chem Soc 2003, 125 (46), 13940-13941. 

29. Mukherjee, P.;  Ahmad, A.;  Mandal, D.;  Senapati, S.;  Sainkar, S. R.;  Khan, M. I.;  

Parishcha, R.;  Ajaykumar, P. V.;  Alam, M.;  Kumar, R.; Sastry, M., Fungus-mediated synthesis of 

silver nanoparticles and their immobilization in the mycelial matrix: A novel biological approach to 

nanoparticle synthesis. Nano Lett 2001, 1 (10), 515-519. 

30. Nadagouda, M. N.;  Castle, A. B.;  Murdock, R. C.;  Hussain, S. M.; Varma, R. S., In vitro 

biocompatibility of nanoscale zerovalent iron particles (NZVI) synthesized using tea polyphenols. Green 

Chem 2010, 12 (1), 114-122. 

31. Mihir Herlekar, S. B., and Rakesh Kumar, Plant-Mediated Green Synthesis of Iron Nanoparticles. 

Journal of Nanoparticles 2014, Volume 2014 (2014) (Article ID 140614, 9 pages). 

32. H.J.H.Fenton, M. A., LXXIII. - Oxidation of Tartaric Acid in presence of Iron. journal of the 

Chemical Society, Transactions 1894, 899 - 910. 

33. Haber F., W. J., The catalytic decomposition of hydrogen peroxide by iron salts. Proc. R. Soc. 

London Ser. A 1934, 147, 332-351. 

34. William C. Bray, M. H. G., Ferryl ion, a compound of tetravalent iron. Journal of American 

Chemical Society 1932, 54, 2124-2125. 

35. Lee, C.; Sedlak, D. L., Enhanced Formation of Oxidants from Bimetallic Nickel-Iron Nanoparticles 

in the Presence of Oxygen. Environ Sci Technol 2008, 42 (22), 8528-8533. 

36. Wang, Y. B.;  Zhao, H. Y.;  Zhao, G. H.;  Wang, Y. J.; Yang, X. C., Iron Compound-Based 

Heterogeneous Fenton Catalytic Oxidation Technology. Progress in Chemistry 2013, 25 (8), 1246-1259. 

37. Bossmann, S. H.;  Oliveros, E.;  Gob, S.;  Siegwart, S.;  Dahlen, E. P.;  Payawan, L.;  Straub, 

M.;  Worner, M.; Braun, A. M., New evidence against hydroxyl radicals as reactive intermediates in the 

thermal and photochemically enhanced fenton reactions. J Phys Chem A 1998, 102 (28), 5542-5550. 

38. W. H. Koppenol, J. F. L., The oxidizing nature of the hydroxyl radical. A comparison with the ferryl 

ion (FeO2+). Journal of Physical Chemistry 1984,  (88), 99-101. 



116 

 

39. Pignatello, J. J.;  Oliveros, E.; MacKay, A., Advanced oxidation processes for organic contaminant 

destruction based on the Fenton reaction and related chemistry (vol 36, pg 1, 2006). Crit Rev Env Sci Tec 

2007, 37 (3), 273-275. 

40. De la Cruz, N.;  Gimenez, J.;  Esplugas, S.;  Grandjean, D.;  de Alencastro, L. F.; Pulgarin, C., 

Degradation of 32 emergent contaminants by UV and neutral photo-fenton in domestic wastewater 

effluent previously treated by activated sludge. Water Res 2012, 46 (6), 1947-1957. 

41. Mendez-Arriaga, F.;  Esplugas, S.; Gimenez, J., Degradation of the emerging contaminant 

ibuprofen in water by photo-Fenton. Water Res 2010, 44 (2), 589-595. 

42. Zhang, G. K.;  Gao, Y. Y.;  Zhang, Y. L.; Guo, Y. D., Fe2O3-Pillared Rectorite as an Efficient and 

Stable Fenton-Like Heterogeneous Catalyst for Photodegradation of Organic Contaminants. Environ Sci 

Technol 2010, 44 (16), 6384-6389. 

43. Perez, M.;  Torrades, F.;  Garcia-Hortal, J. A.;  Domenech, X.; Peral, J., Removal of organic 

contaminants in paper pulp treatment effluents under Fenton and photo-Fenton conditions. Appl Catal 

B-Environ 2002, 36 (1), 63-74. 

44. Ramirez, J. H.;  Maldonado-Hodar, F. J.;  Perez-Cadenas, A. F.;  Moreno-Castilla, C.;  Costa, 

C. A.; Madeira, L. M., Azo-dye Orange II degradation by heterogeneous Fenton-like reaction using 

carbon-Fe catalysts. Appl Catal B-Environ 2007, 75 (3-4), 312-323. 

45. Costa, R. C. C.;  Lelis, M. F. F.;  Oliveira, L. C. A.;  Fabris, J. D.;  Ardisson, J. D.;  Rios, R. 

R. V. A.;  Silva, C. N.; Lago, R. M., Novel active heterogeneous Fenton system based on Fe3-xMxO4 

(Fe, Co, Mn, Ni): The role of M2+ species on the reactivity towards H2O2 reactions. J Hazard Mater 

2006, 129 (1-3), 171-178. 

46. Ramirez, J. H.;  Costa, C. A.;  Madeira, L. M.;  Mata, G.;  Vicente, M. A.;  Rojas-Cervantes, 

M. L.;  Lopez-Peinado, A. J.; Martin-Aranda, R. M., Fenton-like oxidation of Orange II solutions using 

heterogeneous catalysts based on saponite clay. Appl Catal B-Environ 2007, 71 (1-2), 44-56. 

47. Calleja, G.;  Melero, J. A.;  Martinez, F.; Molina, R., Activity and resistance of iron-containing 

amorphous, zeolitic and mesostructured materials for wet peroxide oxidation of phenol. Water Res 2005, 

39 (9), 1741-1750. 

48. Zazo, J. A.;  Casas, J. A.;  Mohedano, A. F.; Rodriguez, J. J., Catalytic wet peroxide oxidation of 

phenol with a Fe/active carbon catalyst. Appl Catal B-Environ 2006, 65 (3-4), 261-268. 

49. Ainsworth, E. A.; Gillespie, K. M., Estimation of total phenolic content and other oxidation 

substrates in plant tissues using Folin-Ciocalteu reagent. Nat Protoc 2007, 2 (4), 875-877. 

50. X-ray crystallography. https://en.wikipedia.org/wiki/X-ray_crystallography#X-ray_diffraction. 

51. Botton, G. A.;  Appel, C. C.;  Horsewell, A.; Stobbs, W. M., Quantification of the EELS near-

edge structures to study Mn doping in oxides. J Microsc-Oxford 1995, 180, 211-216. 

52. Hufschmid, R.;  Arami, H.;  Ferguson, R. M.;  Gonzales, M.;  Teeman, E.;  Brush, L. N.;  

Browning, N. D.; Krishnan, K. M., Synthesis of phase-pure and monodisperse iron oxide nanoparticles 

by thermal decomposition. Nanoscale 2015, 7 (25), 11142-11154. 

53. EPA, Method 7196A. In Chromium, Hexavalent (Colorimetric), EPA: 1992; Vol. Method 7196A. 

54. Machado, S.;  Pinto, S. L.;  Grosso, J. P.;  Nouws, H. P. A.;  Albergaria, J. T.; Delerue-Matos, 

C., Green production of zero-valent iron nanoparticles using tree leaf extracts. Sci Total Environ 2013, 

445, 1-8. 

55. Li, X. Q.; Zhang, W. X., Iron nanoparticles: the core-shell structure and unique properties for Ni(II) 

sequestration. Langmuir 2006, 22 (10), 4638-4642. 

56. Li, X. Q.;  Cao, J. S.; Zhang, W. X., Stoichiometry of Cr(VI) immobilization using nanoscale 

https://en.wikipedia.org/wiki/X-ray_crystallography#X-ray_diffraction


117 

 

zerovalent iron (nZVI): A study with high-resolution X-ray photoelectron Spectroscopy (HR-XPS). Ind 

Eng Chem Res 2008, 47 (7), 2131-2139. 

57. Zhang, S. X.;  Zhao, X. L.;  Niu, H. Y.;  Shi, Y. L.;  Cai, Y. Q.; Jiang, G. B., Superparamagnetic 

Fe3O4 nanoparticles as catalysts for the catalytic oxidation of phenolic and aniline compounds. J Hazard 

Mater 2009, 167 (1-3), 560-566. 

58. Ma, Z. Y.;  Guan, Y. P.; Liu, H. Z., Synthesis and characterization of micron-sized monodisperse 

superparamagnetic polymer particles with amino groups. J Polym Sci Pol Chem 2005, 43 (15), 3433-

3439. 

59. Meites, L., Handbook of Analytical Chemistry. McGraw-Hill Book Company: New York, 1963; p 

1806. 

60. Han, R. P.;  Zou, W. H.;  Yu, W. H.;  Cheng, S. J.;  Wang, Y. F.; Shi, J., Biosorption of 

methylene blue from aqueous solution by fallen phoenix tree's leaves. J Hazard Mater 2007, 141 (1), 

156-162. 

61. Bhattacharyya, K. G.; Sharma, A., Kinetics and thermodynamics of Methylene Blue adsorption on 

Neem (Azadirachta indica) leaf powder. Dyes Pigments 2005, 65 (1), 51-59. 

62. Aydin, Y. B. H., A kinetics and thermodynamics study of methylene blue adsorption on wheat shells. 

Desalination 2006, 194 (1-3), 259-267. 

63. Instruments, M. Dynamic lighting scattering overview. 

https://www.malvernpanalytical.com/en/products/technology/light-scattering/dynamic-light-scattering. 

64. Phan, C. M.; Nguyen, H. M., Role of Capping Agent in Wet Synthesis of Nanoparticles. J Phys 

Chem A 2017, 121 (17), 3213-3219. 

65. Shao, H. P.;  Lee, H.;  Huang, Y. Q.;  Ko, I. Y.; Kim, C., Control of iron nanoparticles size and 

shape by thermal decomposition method. Ieee T Magn 2005, 41 (10), 3388-3390. 

66. Ji, X. H.;  Song, X. N.;  Li, J.;  Bai, Y. B.;  Yang, W. S.; Peng, X. G., Size control of gold 

nanocrystals in citrate reduction: The third role of citrate. J Am Chem Soc 2007, 129 (45), 13939-13948. 

67. Hyeon, T.;  Lee, S. S.;  Park, J.;  Chung, Y.; Bin Na, H., Synthesis of highly crystalline and 

monodisperse maghemite nanocrystallites without a size-selection process. J Am Chem Soc 2001, 123 

(51), 12798-12801. 

68. Wang, C. B.; Zhang, W. X., Synthesizing nanoscale iron particles for rapid and complete 

dechlorination of TCE and PCBs. Environ Sci Technol 1997, 31 (7), 2154-2156. 

69. Njagi, E. C.;  Huang, H.;  Stafford, L.;  Genuino, H.;  Galindo, H. M.;  Collins, J. B.;  Hoag, 

G. E.; Suib, S. L., Biosynthesis of Iron and Silver Nanoparticles at Room Temperature Using Aqueous 

Sorghum Bran Extracts. Langmuir 2011, 27 (1), 264-271. 

70. Shahwan, T.;  Abu Sirriah, S.;  Nairat, M.;  Boyaci, E.;  Eroglu, A. E.;  Scott, T. B.; Hallam, 

K. R., Green synthesis of iron nanoparticles and their application as a Fenton-like catalyst for the 

degradation of aqueous cationic and anionic dyes. Chem Eng J 2011, 172 (1), 258-266. 

71. Machado, S.;  Pacheco, J. G.;  Nouws, H. P. A.;  Albergaria, J. T.; Delerue-Matos, C., 

Characterization of green zero-valent iron nanoparticles produced with tree leaf extracts. Sci Total 

Environ 2015, 533, 76-81. 

72. Arancibia-Miranda, N.;  Baltazar, S. E.;  Garcia, A.;  Romero, A. H.;  Rubio, M. A.; Altbir, D., 

Lead removal by nano-scale zero valent iron: Surface analysis and pH effect. Mater Res Bull 2014, 59, 

341-348. 

73. Zha, S. X.;  Cheng, Y.;  Gao, Y.;  Chen, Z. L.;  Megharaj, M.; Naidu, R., Nanoscale zero-valent 

iron as a catalyst for heterogeneous Fenton oxidation of amoxicillin. Chem Eng J 2014, 255, 141-148. 

https://www.malvernpanalytical.com/en/products/technology/light-scattering/dynamic-light-scattering


118 

 

74. Cosandey, F.;  Al-Sharab, J. F.;  Badway, F.;  Amatucci, G. G.; Stadelmann, P., EELS 

spectroscopy of iron fluorides and FeF(x)/C nanocomposite electrodes used in Li-ion batteries. Microsc 

Microanal 2007, 13 (2), 87-95. 

75. Cosandey, F.;  Su, D.;  Sina, M.;  Pereira, N.; Amatucci, G. G., Fe valence determination and Li 

elemental distribution in lithiated FeO0.7F1.3/C nanocomposite battery materials by electron energy loss 

spectroscopy (EELS). Micron 2012, 43 (1), 22-29. 

76. Cave, L.;  Al, T.;  Loomer, D.;  Cogswell, S.; Weaver, L., A STEM/EELS method for mapping 

iron valence ratios in oxide minerals. Micron 2006, 37 (4), 301-309. 

77. Arevalo-Lopez, A. M.; Alario-Franco, M. A., Reliable Method for Determining the Oxidation State 

in Chromium Oxides. Inorg Chem 2009, 48 (24), 11843-11846. 

78. Daulton, T. L.; Little, B. J., Determination of chromium valence over the range Cr(0)-Cr(VI) by 

electron energy loss spectroscopy. Ultramicroscopy 2006, 106 (7), 561-573. 

79. Daulton, T. L.;  Little, B. J.;  Lowe, K.; Jones-Meehan, J., Electron energy loss spectroscopy 

techniques for the study of microbial chromium(VI) reduction. J Microbiol Meth 2002, 50 (1), 39-54. 

80. Iram, M.;  Guo, C.;  Guan, Y. P.;  Ishfaq, A.; Liu, H. Z., Adsorption and magnetic removal of 

neutral red dye from aqueous solution using Fe3O4 hollow nanospheres. J Hazard Mater 2010, 181 (1-

3), 1039-1050. 

81. Wang, T.;  Jin, X. Y.;  Chen, Z. L.;  Megharaj, M.; Naidu, R., Green synthesis of Fe 

nanoparticles using eucalyptus leaf extracts for treatment of eutrophic wastewater. Sci Total Environ 2014, 

466, 210-213. 

82. Wang, Z. Q.;  Fang, C.; Megharaj, M., Characterization of Iron-Polyphenol Nanoparticles 

Synthesized by Three Plant Extracts and Their Fenton Oxidation of Azo Dye. Acs Sustain Chem Eng 

2014, 2 (4), 1022-1025. 

83. Smuleac, V.;  Varma, R.;  Sikdar, S.; Bhattacharyya, D., Green synthesis of Fe and Fe/Pd 

bimetallic nanoparticles in membranes for reductive degradation of chlorinated organics. Journal of 

Membrane Science 2011, 379 (1-2), 131-137. 

84. Das, R. K.;  Borthakur, B. B.; Bora, U., Green synthesis of gold nanoparticles using ethanolic leaf 

extract of Centella asiatica. Mater Lett 2010, 64 (13), 1445-1447. 

85. Beauchamp, J. L. Infrared Tables (short summary of common adsorption frequencies). 

86. Huang, L. L.;  Weng, X. L.;  Chen, Z. L.;  Megharaj, M.; Naidu, R., Synthesis of iron-based 

nanoparticles using oolong tea extract for the degradation of malachite green. Spectrochim Acta A 2014, 

117, 801-804. 

87. Nurmi, J. T.;  Tratnyek, P. G.;  Sarathy, V.;  Baer, D. R.;  Amonette, J. E.;  Pecher, K.;  Wang, 

C. M.;  Linehan, J. C.;  Matson, D. W.;  Penn, R. L.; Driessen, M. D., Characterization and properties 

of metallic iron nanoparticles: Spectroscopy, electrochemistry, and kinetics. Environ Sci Technol 2005, 

39 (5), 1221-1230. 

88. Kumar, K. V.;  Porkodi, K.; Rocha, F., Langmuir-Hinshelwood kinetics - A theoretical study. Catal 

Commun 2008, 9 (1), 82-84. 

89. Standard electrode potential (data page). 

https://en.wikipedia.org/wiki/Standard_electrode_potential_(data_page). 

90. Yu, Q.;  Zhang, R. Q.;  Deng, S. B.;  Huang, J.; Yu, G., Sorption of perfluorooctane sulfonate 

and perfluorooctanoate on activated carbons and resin: Kinetic and isotherm study. Water Res 2009, 43 

(4), 1150-1158. 

91. Sun, X.;  Yan, Y. B.;  Li, J. S.;  Han, W. Q.; Wang, L. J., SBA-15-incorporated nanoscale zero-

https://en.wikipedia.org/wiki/Standard_electrode_potential_(data_page


119 

 

valent iron particles for chromium(VI) removal from groundwater: Mechanism, effect of pH, humic acid 

and sustained reactivity. J Hazard Mater 2014, 266, 26-33. 

92. Rai, L. E. E. a. D., Chromate removal from aqueous wastes by reduction with ferrous ion. Environ 

Sci Technol 1988, 22(8), 972–977. 

93. Blowes, D. W.;  Ptacek, C. J.; Jambor, J. L., In-situ remediation of Cr(VI)-contaminated 

groundwater using permeable reactive walls: Laboratory studies. Environ Sci Technol 1997, 31 (12), 

3348-3357. 

94. Pratt, A. R.;  Blowes, D. W.; Ptacek, C. J., Products of chromate reduction on proposed subsurface 

remediation material. Environ Sci Technol 1997, 31 (9), 2492-2498. 

95. Lv, X. S.;  Xu, J.;  Jiang, G. M.; Xu, X. H., Removal of chromium(VI) from wastewater by 

nanoscale zero-valent iron particles supported on multiwalled carbon nanotubes. Chemosphere 2011, 85 

(7), 1204-1209. 

96. Holleman; A., F., Inorganic Chemistry. Academic Press: San Diego, 2001. 

97. G., H. D.;  D., G. Z.; L., G. P., Physical Chemistry. Higher Education Press: 2001. 

98. Hohmann, H.;  Hellquist, B.; Vaneldik, R., Effect of Steric Hindrance on Kinetic and Equilibrium 

Data for Substitution-Reactions of Diaqua(N-Substituted Ethylenediamine)Palladium(Ii) with Chloride 

in Aqueous-Solution. Inorg Chim Acta 1991, 188 (1), 25-32. 

99. Lertpaitoonpan, W.;  Ong, S. K.; Moorman, T. B., Effect of organic carbon and pH on soil sorption 

of sulfamethazine. Chemosphere 2009, 76 (4), 558-564. 

100. Daniel L. Pardieck, E. J. B., Alan T. Stone, Hydrogen peroxide use to increase oxidant capacity for 

in situ bioremediation of contaminated soils and aquifers: A review. Journal of Contaminant Hydrology 

1992, 9 (3), 221-242. 

101. Schumb, W. C., Satterfield, Charles N., Wentworth, Ralph L., Hydrogen Peroxide. Reinhold: New 

York, NY, 1955. 

102. Batista, A. P. S.;  Pires, F. C. C.; Teixeira, A. C. S. C., The role of reactive oxygen species in 

sulfamethazine degradation using UV-based technologies and products identification. J Photoch 

Photobio A 2014, 290, 77-85. 

103. Li, H. T.;  He, X. D.;  Kang, Z. H.;  Huang, H.;  Liu, Y.;  Liu, J. L.;  Lian, S. Y.;  Tsang, C. 

H. A.;  Yang, X. B.; Lee, S. T., Water-Soluble Fluorescent Carbon Quantum Dots and Photocatalyst 

Design. Angew Chem Int Edit 2010, 49 (26), 4430-4434. 

104. Liu, Y. K.; Wang, J. L., Degradation of sulfamethazine by gamma irradiation in the presence of 

hydrogen peroxide. J Hazard Mater 2013, 250, 99-105. 

105. Xue, J.; Wang, J. L., Radiolysis of pentachlorophenol (PCP) in aqueous solution by gamma 

radiation. J Environ Sci-China 2008, 20 (10), 1153-1157. 

106. Wasiewicz, M.;  Chmielewski, A. G.; Getoff, N., Radiation-induced degradation of aqueous 2,3-

dihydroxynaphthalene. Radiat Phys Chem 2006, 75 (2), 201-209. 

107. N, G., The role of peroxyl radicals and related species in the radiation-induced degradation of water 

pollutant. In Environmental Applications of Ionizing Radiation, John Wiley & Sons Inc: New York, 1998; 

pp 231 - 245. 

108. Keenan, C. R.; Sedlak, D. L., Factors affecting the yield of oxidants from the reaction of 

manoparticulate zero-valent iron and oxygen. Environ Sci Technol 2008, 42 (4), 1262-1267. 

109. Hug, S. J.; Leupin, O., Iron-catalyzed oxidation of arsenic(III) by oxygen and by hydrogen peroxide: 

pH-dependent formation of oxidants in the Fenton reaction. Environ Sci Technol 2003, 37 (12), 2734-

2742. 



120 

 

110. Katsoyiannis, I. A.;  Ruettimann, T.; Hug, S. J., pH dependence of Fenton reagent generation and 

As(III) oxidation and removal by corrosion of zero valent iron in aerated water. Environ Sci Technol 2008, 

42 (19), 7424-7430. 

111. Rauf, M. A.; Ashraf, S. S., Radiation induced degradation of dyes-An overview. J Hazard Mater 

2009, 166 (1), 6-16. 

112. Wang, M.;  Yang, R. Y.;  Wang, W. F.;  Shen, Z. Q.;  Bian, S. W.; Zhu, Z. Y., Radiation-induced 

decomposition and decoloration of reactive dyes in the presence of H2O2. Radiat Phys Chem 2006, 75 

(2), 286-291. 

113. G.V. Buxton, C. L. G., W.P. Helman, A.B. Ross, Critical review of rate constants for reactions of 

hydrated electrons, hydrogen atoms and hydroxyl radicals (OH/O−) in aqueous solution. Journal of 

Physical and Chemcial Reference Data 1988, 17, 513-886. 

114. Perez-Moya, M.;  Graells, M.;  Castells, G.;  Amigo, J.;  Ortega, E.;  Buhigas, G.;  Perez, L. 

M.; Mansilla, H. D., Characterization of the degradation performance of the sulfamethazine antibiotic by 

photo-Fenton process. Water Res 2010, 44 (8), 2533-2540. 

115. de la Plata, G. B. O.;  Alfano, O. M.; Cassano, A. E., Decomposition of 2-chlorophenol employing 

goethite as Fenton catalyst II: Reaction kinetics of the heterogeneous Fenton and photo-Fenton 

mechanisms. Appl Catal B-Environ 2010, 95 (1-2), 14-25. 

116. Pignatello, J. J.;  Liu, D.; Huston, P., Evidence for an additional oxidant in the photoassisted 

Fenton reaction. Environ Sci Technol 1999, 33 (11), 1832-1839. 

117. Kusic, H.;  Koprivanac, N.;  Bozic, A. L.; Selanec, I., Photo-assisted Fenton type processes for 

the degradation of phenol: A kinetic study (vol 136, pg 632, 2006). J Hazard Mater 2006, 138 (2), 419-

420. 

118. Zhou, T.;  Wu, X. H.;  Zhang, Y. R.;  Li, J. F.; Lim, T. T., Synergistic catalytic degradation of 

antibiotic sulfamethazine in a heterogeneous sonophotolytic goethite/oxalate Fenton-like system. Appl 

Catal B-Environ 2013, 136, 294-301. 

 

  



121 

 

7.  APPENDIX 

 

Figure 7.1 nZVI reduced by tea extract (left) and sodium borohydride (right) under 

gravity settling for 42 days 

 

 

Figure 7.2 The evolution of UV/vis absorption spectra of 10 mg/L methylene blue 
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(MB) in water at different pH 

 

 

Figure 7.3 The evolution of UV/vis absorption spectra of 10 mg/L methyl orange 

(MO) in water at different pH 
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Figure 7.4 First order fitting for removal curves of 10 mg/L sulfamethazine applied 

with 0.1 mM H2O2 (The initial pH = 4) 

 

 

Figure 7.5 First order fitting for removal curves of 10 mg/L sulfamethazine applied 
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with 56 mg/L TE-nZVI under the UV irradiation (The initial pH = 4, P = 36 watt) 

 

 

Figure 7.6 First order fitting for removal curves of 10 mg/L sulfamethazine applied 

with 0.1 mM H2O2 under the UV irradiation (The initial pH = 4, P = 36 watt) 
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Figure 7.7 First order fitting for removal curves of 10 mg/L sulfamethazine removal 

applied with 56 mg/L TE-nZVI and 0.1 mM H2O2 under the UV irradiation (The 

initial pH = 4, P = 36 watt) 
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