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SYNOPSIS 

All nuclear power reactors irrespective of their type have a common problem of radiation 

field build-up on the out-of-core surfaces of the primary coolant system. Radiation field 

observed around the primary coolant system arises mainly due to the deposition of 

radioactive contaminants on the out-of-core surfaces such as coolant system piping, pumps 

and steam generators etc. [1,2]. Radioactive contaminants are generated by the activation of 

corrosion products when they pass through the reactor core. The radiation field build-up 

problem can be minimized by reducing the corrosion of the structural material in the primary 

coolant system. Corrosion of the material is reduced by optimizing the coolant chemistry and 

by making judicious choice of structural materials. In order to further minimize radiation 

exposure of personnel during a specific maintenance task, full system chemical 

decontamination is carried out prior to shutdown maintenance [3].  

 In several nuclear power plants, particularly Pressurized Water Reactor (PWRs) 

and Pressurized Heavy Water Reactor (PHWRs), radioactive antimony isotopes (122Sb, 

124Sb) have been observed to cause the problem of radiation field in the primary coolant 

systems of the reactors [4-6]. Radioactive antimony (122,124Sb) is generated due to the 

activation of inactive antimony isotopes (121,123Sb) in the reactor core. The antimony 

activities reside in the core during reactor operation and get released in the primary 

coolant system during (i) shutdown, (ii) any unplanned short power fluctuations and (iii) 

chemical decontamination process. In Indian PHWRs, the release of antimony was 

observed during draining of heavy water during shutdown. The antimony activity was 

also released in Indian PHWRs during chemical decontamination [4].  
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 In PHWRs, the composition of the oxide layer is dominantly iron based such as Fe3O4 

or nickel ferrite. Such oxides dissolve with a combination of reducing organic acid and a 

chelating agent in the chemical decontamination process and removes metal ions which is 

then transferred to cation exchange resin. In the course of the chemical decontamination 

process, Sb radioactivity is released, which is preferentially picked up over the surfaces of 

PHT system components especially on Fe3O4 coated carbon steel (CS) surface rather than on 

cation exchange resin [4]. As a result, after a chemical decontamination process an increase 

in radiation field is observed instead of a reduction.  

 There have been several investigations earlier to find out the cause of antimony 

release followed by deposition. However, there is a need to understand the mechanism of 

deposition. In this thesis, studies were carried out to understand the deposition of Sb on 

structural materials of power plants during chemical decontaminations. Subsequently, efforts 

were made to inhibit Sb deposition on structural materials of power plants. The results of 

such investigations will eventually benefit the reactor utilities. 

 

Aim and Scope of the work 

There are two objectives in this study. 

1. To explore the mechanism of Sb adsorption on CS metal and Fe3O4 surfaces 

under chemical decontamination.  

2. Devise methods to inhibit Sb deposition on CS and Fe3O4 surfaces.  

 The mechanism by which Sb pickup takes place during chemical decontamination 

is not yet clear.  Plating out as metal is one of the possibilities as indicated by Dundar et 

al [5]. As antimony can be present in three oxidation states in aqueous solution, namely 
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Sbo, Sb3+ and Sb5+, it is not clear if all the states are stable under chemical 

decontamination medium and which of the states provide a possibility for pickup on the 

CS surface. It is further investigated that if the mechanism of pickup of different 

oxidation states is similar. 

 During chemical decontamination of CS surfaces, base metal corrosion takes 

place due to hydrogen evolution and due to the action of metal acting as reductant for 

Fe3+. There is a need to investigate if corrosion of base metal is one of the reasons for Sb 

pickup. If this is the case, then corrosion inhibitor could inhibit the Sb adsorption on CS 

surface. Similarly, antimony is an oxyanion having anionic charge in a wide range of pH 

[7]. There is the natural tendency of oxyanion to be adsorbed on the positively charged 

oxide surface under the influence of columbic attraction at lower pH [8]. There is a 

possibility for other oxyanions in higher concentration to inhibit the adsorption of 

antimony on CS surface. 

 Antimony adsorption was observed on the Fe3O4 surface during chemical 

decontamination. Usually adsorption studies are carried out on Fe3O4 in the pH range of 

4-10 at ambient temperature and conditions where the adsorption phenomena are 

dominant [9, 10]. But during the chemical decontamination process, conditions are 

different viz. working pH range is 2.7 – 5.5, temperature is around 85oC, organic 

complexing acids for maintaining pH and reducing condition are present. These 

parameters affect the adsorption behavior. Though antimony has a poor complexing 

ability with organic complexant [11], it can still influence the adsorption over Fe3O4.
 

Hence Sb adsorption is needed to be investigated with different complexing organic 

acids.  
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Organization of thesis 

 The thesis contains six chapters. The first chapter gives a general introduction and 

background of this study. The second chapter consists of experimental procedures and 

principles of different instrumental techniques that are utilized in this study. The 

remaining chapters deal with the research work done in detail. Each chapter has 

experimental details of specific method if employed in the chapter. This is followed by 

observation, results and discussions and the chapter ends with a conclusion summarizing 

the important finding in that portion of the work. The last chapter summarizes the overall 

conclusions and the salient findings of the entire study. The content of the individual 

chapters is given below: 

 

CHAPTER 1 Introduction 

 The chapter describes in brief the water chemistry of water cooled nuclear reactor, 

problems related to activity transport and radiation build-up of these reactors. It deals 

with the nature of corrosion products in reactor coolant circuits, principle of chemical 

decontamination under regenerative mode using ion exchange resins. The unique 

problem of spread of Sb activity on out of core surfaces during chemical decontamination 

is also discussed. The existing decontamination method for Sb removal is also briefed 

here. The aim and scope of the study are also given in the introduction.   

 

CHAPTER 2 Methods and Materials 

 This chapter consists of experimental procedures for dissolution experiments, 

adsorption experiments on CS and Fe3O4 surfaces, experiments on inhibition of antimony 
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adsorption on CS and Fe3O4 surfaces. It also gives a brief description of the principles 

and working on various instrumental techniques that are utilized in this study. It includes 

characterization techniques such as X-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM), X-ray diffraction (XRD) and Fourier Transform-Infrared 

Spectroscopy (FTIR). Analytical tools such as Atomic absorption spectroscopy (AAS) 

and inductively coupled plasma atomic emission spectroscopy (ICPAES) are discussed. 

Electrochemical techniques like potentio-dynamic anodic polarization and 

electrochemical impedance spectroscopy are also briefed here. 

  

CHAPTER 3 Studies on antimony dissolution in organic acid and deposition on CS 

and magnetite surfaces  

 This chapter deals with the dissolution of different species of Sb and deposition 

behavior in aqueous solution on CS surface and Fe3O4 powder. Antimony exhibits multi 

valency (0, +3 and +5). During chemical decontamination, antimony is dissolved by the 

decontamination formulation. Hence, Sb dissolution studies were carried out to identify 

possible Sb species that existed in solution which might have caused deposition on CS 

surfaces.  

 Dissolution studies indicated that Sb(III) and Sb(V) are the soluble species under 

chemical decontamination condition. Stability of Sb(III) and Sb(V) under chemical 

decontamination were evaluated with a UV - spectrometer. The Sb(III) and Sb(V) were 

exposed separately for 24 hours under acidic and reducing condition at 85oC. Both Sb(III) 

and Sb(V) did not change their oxidation states during the course of experiments.

 Deposition behavior of Sb, in all its oxidation states, on CS and Fe3O4 surfaces 
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were studied. Antimony(V) did not deposit on the CS surface while 5ppm of Sb (III) 

deposited on the CS surface within 12 hours with a surface to volume ratio of 0.012 cm-1. 

Deposition of Sb(III) was observed on Fe3O4 surface within 30 minutes when surface to 

volume ratio was 24 cm-1. Characterization of the deposited materials was carried out 

with XPS, XRD, FTIR and SEM techniques. The mechanism of antimony adsorption 

explored on CS metal and Fe3O4 surfaces. 

 Organic acids develop Fe–OH functional groups on CS surfaces in aqueous 

medium. Antimony(III) formed bonds with O site of Fe-OH can resulting in the 

formation of a layer of Fe-Sb-O complex on the CS surface. Subsequent to the initial Sb 

adsorption on the surface, further adsorption of Fe2+ and Sb (III) on the layer initiated the 

formation of the amorphous FeSb2O4 compound as a surface precipitate. Simultaneously, 

the red-ox reactions at the surface resulted in formation of Sbo. In case of magnetite 

powder, Sb(III) adsorbs on O site of Fe-OH as  Fe-O-Sb surface complex only. 

 

CHAPTER 4 Inhibition of Antimony Deposition on Carbon Steel Surface 

 Studies were carried out to inhibit the deposition of Sb(III) activity on CS surface. 

Selection of the inhibitors was carried out based on the mechanism of Sb(III) deposition 

on CS surface derived earlier in this work. Inhibitors were selected based on the two 

possible mechanisms. When iron dissolution occurred, freshly exposed Fe ions promoted 

the formation of Sb-O-Fe complex and hence aided Sb deposition. Plating of Sbo also 

occurred to some extent. Hence, several corrosion inhibitors for CS under acidic 

condition were attempted to control iron dissolution from the CS surface thereby 

inhibiting Sb pick up. In another mechanism, Sb(III) oxyanion present in aqueous 
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medium promoted the deposition. Hence, other oxyanions were used in higher 

concentration to provide competition to Sb (III) on adsorption on CS surface. 

 Experiments were carried out with several corrosion inhibitors. They were 

effective as a corrosion inhibitor for CS surface in acidic solution but ineffective in 

inhibiting Sb(III) adsorption on CS surface. A commercial corrosion inhibitor, Rodine 

92B, generally used as corrosion inhibitor of steels under acidic condition was also tried. 

It was observed that 100ppm Rodine 92B successfully inhibits Sb(III) deposition on the 

CS metal surface even at higher concentration  of Sb(III) (25ppm) with surface to volume 

ration 0.012 per cm. Rodine 92B is a commercial inhibitor. Studies were carried out 

using XPS, SEM and electrochemical measurements to understand the mechanism by 

which it works. Rodine 92 B is attached directly to the CS surface through direct bonding 

between nitrogen of the inhibitor and Fe of the substrate subsequently organic part of the 

inhibitor makes a barrier layer on CS surface. This barrier layer inhibits the Sb(III) 

adsorption as well as an iron release from the CS surface. 

 As antimony exists as oxyanion, there is scope to search for another oxyanion 

which can preferentially adsorb on the CS surface compared to Sb(III) oxyanion and 

thereby inhibit the Sb (III) adsorption on CS surface. Many compounds of  oxyanions at 

1mM concentration were tried viz. Na2HPO4, Na2MoO4, NH4VO4, As2O3, Na2WO4, 

Na2SeO3, Na2S2O3, KSCN, and Na2HAsO4. Out of these oxyanions only Na2MoO4 and 

Na2SeO3 were observed to inhibit the Sb (III) adsorption on CS surface. Iron dissolution 

studies were also carried out along with Sb(III) adsorption studies. In case of Na2MoO4, 

iron dissolution was reduced by 90% while with Na2SeO3 iron dissolution was continued. 

Thus, inhibition of Sb(III) adsorption in the presence of oxyanions appears to proceed by 
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different mechanisms. The mechanisms were explored by different techniques like XPS, 

XRD, SEM, and electrochemical studies. 

  

CHAPTER 5 Antimony adsorption minimization on magnetite powder 

 Studies were carried out to minimize the Sb adsorption on Fe3O4 under chemical 

decontamination conditions. These studies were carried out based on the experience with 

CS surface for minimization of Sb(III) adsorption viz. effect of Rodine 92B and 

oxyanions. It was observed that Sb(III) adsorbs on magnetite as Fe-O-Sb surface complex 

only. Thus the properties (e.g. complexation) of dissolved ingredients may also affect the 

Sb(III) adsorption on Fe3O4. As organic acids are used to maintain the pH of the medium, 

the complexation property of these acids is likely to interfere with Sb(III) adsorption on 

Fe3O4 powder. Hence, different complexing organic acid viz. Tartaric Acid (TA), Lactic 

Acid, Citric Acid, EDTA, Oxalic Acid, Gallic Acid, NTA, DTPA and NAC were 

examined in the adsorption studies. Tartaric acid gave minimum Sb (III) adsorption on 

Fe3O4 among the examined organic acids because of its better complexation behavior 

with Sb (III). Subsequently, Sb (III) adsorption was carried out with TA only to reduce 

further Sb (III) adsorption on Fe3O4. In these adsorption studies, effect of TA 

concentration, pH, surface modification of Fe3O4 surface and also effect of different 

ingredients along with TA viz. other organic acids, cations etc. were studied. 

 

CHAPTER 6 Conclusions 

 Some important conclusions have been drawn based on the observation and the 

results presented in the preceding chapters are presented in this chapter. Also, the scope 

for the further work in this area of research has been discussed briefly. 
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Salient observations and conclusions from this study 

1. Dissolution studies showed only Sb(III) and Sb(V) species are soluble under 

chemical decontamination condition. Both Sb(III) and Sb(V) species are stable under the 

decontamination condition.  

2. Sb(V) does not adsorb on the CS surface in the decontamination condition while 

Sb (III) is adsorbed on the CS surface with first order reaction kinetics with its 

concentration.  

3. Using near Fermi level XPS data with relevant standards, the oxidation state of 

deposited Sb on CS surface was identified. Similarly using 3d3/2 peak intensity of Sb and 

2p3/2 of Fe peak intensity, the presence of a mixed oxide which was close to the 

stoichiometric oxide like FeSb2O4  was confirmed.  

4. XRD and XPS analyses showed Sb (III) adsorption on CS surface started with Fe-

O-Sb surface complex formation. Subsequently further adsorption of Fe2+ and Sb(III) on 

the layer initiated the formation of surface precipitation of Fe-Sb-O compound. 

Simultaneously, the red-ox reactions at the surface resulted in formation of Sbo.  

5. The deposition of Sb (III) could be stopped efficiently by using a commercial 

inhibitor Rodine 92 B which developed a barrier layer on the CS surface through direct 

bonding between nitrogen of the inhibitor and Fe of the substrate. This barrier layer 

obstructs iron dissolution as a result of redox reaction with Sb and formation of Sb-O-Fe 

surface complex subsequently stops Sbo and FeSb2O4 deposition. 

6. Oxyanion MoO4
2- could reduce Sb(III) pick up on a CS surface to a great extent 

but could not stop completely. Though Sb(III) and MoO4
2- separately could not reduce Fe 

dissolution at low pH, but their simultaneous presence reduced the Fe dissolution 
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significantly. The presence of MoO4
2- in solution reduced the redox reaction at the CS 

surface resulting in the reduction of surface precipitation of Sb. 

7. Oxyanion SeO3
2- reduce Sb(III) adsorption on CS surface. Our studies showed the 

adsorption behavior of SeO3
2- on CS surface is almost similar to Sb(III) adsorption 

behavior. But SeO3
2- is preferentially adsorbed on CS surface compared to Sb(III). As a 

result, Se formed a layer of surface complex on the CS and thereby the possibility of 

adsorption of Sb(III) is stopped. In presence of SeO3
2-, surface precipitation reactions 

lead to the formation of FeSe2, Seo.  

8. FTIR data showed Fe3O4 surface contains surface hydroxyl functional (SOH) 

groups and these SOH groups become protonized in an acidic solution (SOH + H+  

SOH2
+). These protonised SOH groups columbically attract oxyanions and make primary 

surface complex due to condensation or deprotonation reactions. After Sb(III) adsorption 

on Fe3O4 OH stretch has vanished in FTIR analysis.   

9. Sb(III) adsorption was observed minimum on Fe3O4 in the presence of TA among 

the several organic acids studied due to its maximum complexation possibility with Sb 

(III) in solution. Antimony (III) adsorption was increased with tartaric acid in the 

presence of other oxyanions such as MoO4
2- or cations such as Mn2+. The changes in the 

adsorption were explained in terms of the iron dissolution, which in turn influences the 

abundance of the SOH group. The presence of another complexing agent particularly 

phenanthroline reduced the Sb (III) adsorption along with tartaric acid. An attempt was 

made to chemically modify the SOH by adding Lauric acid or benzoic acid in solution, 

the adsorption process only delayed without changing much the quantity of saturation 

adsorption of Sb on Fe3O4 surface. 
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Chapter 1 

INTRODUCTION 

 

 In all types of water cooled nuclear power reactors, radiation field build-up on the 

out-of-core surfaces of the reactor coolant / primary coolant system is a common problem. 

Radiation field around the primary coolant system arises mainly due to the radioactive 

contaminants deposited onto the out-of-core surfaces such as coolant system piping, pumps 

and steam generators etc. Generation of radioactive contaminants takes place due to the 

activation of corrosion products while transiting the reactor core. In the nuclear industry, 

optimization used to be carried out in minimizing personnel radiation exposures based on 

ALARA (As Low As reasonably Achievable) principle suggested by the IAEA (International 

Atomic Energy Agency) [1,2]. In nuclear power plants, Radiation field build-up problems 

can be reduced by keeping minimum corrosion of the structural material in the primary 

coolant system to reduce the corrosion product inventory and the resultant activation of these 

products. Corrosion of the material is minimized by optimizing coolant chemistry and 

judicious choice of structural materials. In order to reduce radiation exposure further to 

personnel during maintenance work, full system chemical decontamination is carried out 

prior to maintenance work [3]. In the course of the chemical decontamination process, Sb 

radioactivity is released from the core possibly due to change in pH of the coolant. The 

released Sb activity which is in anionic form is not effectively removed by cation exchangers 

in service at that point of time [4]. Hence Sb activity gets deposited on out-of-core surfaces. 

As a result, after a chemical decontamination process, an increase in radiation field was 

observed instead of a reduction around the out-of-core surfaces.  
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 This chapter discusses about different causes and mechanisms of radioactivity 

buildup in general. Here, the methods to control and reduce the radioactivity buildup have 

also been described. As the problem of antimony radioactivity buildup is observed during 

chemical decontamination of pressurized heavy water reactor (PHWR), a brief summary of 

chemical decontamination method for PHWRs is also mentioned here. The specific problem 

related to build-up of Antimony activity and the method of controlling it has also been 

discussed. 

 

1.1 Activity Transport and Build-up in Nuclear Reactor 

 In thermal neutron based nuclear reactor viz. BWR (Boiling Water Reactor), PWR 

(Pressurized Water Reactor), PHWR etc., Pressurized light/heavy water is used as the 

coolant. In these reactors, the coolant water enables the formation of radioactivity from 

corrosion products and promotes its transportation and deposition in all parts of the system. 

Corrosion of metal and alloys is unavoidable in spite of maintaining stringent water 

chemistry control and choosing proper structural materials. There is a natural tendency of 

metal and alloys at high temperature conditions to get oxidized and go to a more stable state 

(except platinum, silver and gold). In the process of oxidation, corrosion of materials takes 

place. The corrosion products are transported in the coolant as soluble and particles forms. 

These corrosion products get radio-activated by fission neutron while passing through the 

core and become activated corrosion products (ACP). The ACP is released back to the 

coolant and deposited on the out-of-core surfaces [7-11]. 

 In a nuclear reactor, fission products also partially contribute to the radioactivity 

buildup [12]. Fissile, fertile materials and fission products are usually caged into the zircaloy 
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clad material. In the event of clad rupture they get released into the coolant. Fission products 

also enter in coolant due to recoil from tramp uranium, present in the clad material. Some of 

the fission products (excluding rare gases) are shown in Tabel-1.1 that is usually encountered 

in coolant circuits of nuclear reactors.     

          

Table-1.1: Fission products. 

Nuclides Half life 
95Nb 35.1 d 
95Zr 65 d 

134Cs 2.1 y 
137Cs 30 y 
103Ru 392 d 
106Ru 368 d 
140Ba 12.8 d 
141Ce 33 d 
144Ce 280 d 
144Pm 365 d 

  

 ACP contributes radioactive buildup dominantly in nuclear reactors. Here, the 

formation, transportation and deposition of ACP are described. 

 

1.1.1 Nature of the Oxide Formed on Structural Materials 

 Corrosion of metals and alloys takes place due to their thermodynamic instability in 

aqueous environment during the normal operation of the reactor (high temperature). As a 

result, corrosion products in the form of oxides develop on the structural material. Nature of 

oxide depends on the type of parent material and coolant conditions.  The oxide layer formed 

on the coolant structural materials like carbon steel (CS), stainless steel (SS) etc. has duplex 
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layers [13, 14]. The inner layer grows into the metal is thin (a few nanometers) and protective 

in nature. The outer layer forms owing to the precipitation of corrosion product from the 

coolant and the layer is porous in nature. In PHWR, CS is exposed to alkaline and reducing 

coolant conditions and the resultant inverse spinel magnetite (Fe3O4) develops dominantly [8, 

10, 14].  In case of BWR and PWR, chromium substituted ferrites of normal spinel lattice are 

observed on SS. Further, the oxides of PWR are relatively rich in Chromium, because of 

reducing conditions prevailing in them [15]. In the case of BWR, the concentration of oxygen 

in the coolant is relatively high and hence Cr(III) gets converted to Cr(VI), a soluble form of 

chromium [16-18]. As a result, the inner layer is a Cr rich oxide while the outer layer is 

predominantly hematite (stable in oxidizing condition). A nuclear reactor uses multi-metal 

system and the actual corrosion products will consist of several transition metals other than 

iron, leading to the formation of substituted ferrites or chromites of the form NixCryFe3-x-yO4
 

[17-19].  

  

1.1.2 Activation of Corrosion Products 

 The corrosion product oxides formed on the out-of-core surfaces during the corrosion 

reaction are in a dynamic state of the system as they participate in the transportation process 

[20, 21]. There is a continuous exchange of matter between the system surfaces containing 

the corrosion product oxide and the coolant. The corrosion products can enter the coolant 

through several mechanisms such as ion exchange, de-sorption, recoil, re-suspension and 

spalling process. The corrosion products are released both as soluble and as particulate matter 

in the coolant. The metal atoms in the released corrosion products can undergo 

radioactivation by neutron flux in the core and becomes a radio-active corrosion product. The 
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extent of activation depends upon the residence time of the corrosion products in the core 

[22]. 

 

Table-1.2:  Activated corrosion products in the nuclear reactor coolant circuits. 

Nuclides Mode of formation
Abundance

% 
  

(Barns)
Half life E (MeV) 

60Co 59Co(n, )60Co 100 37.4 5.27 y 1.173, 1.33 
51Cr 50Cr(n,)51Cr 4.34 15.9 27.7 d 0.32 
58Co 58Ni(n,p)58Co 68.01 0.37 70.8 d 0.811 
65Zn 64Zn(n,)65Zn 48.6 0.78 244.1 d 1.116 
54Mn 54Fe(n,p)54Mn 5.84 0.31 312 d 0.835 
59Fe 58Fe(n,)59Fe 0.28 1.14 44.6 d 1.099, 1.29 
95Zr 94Zr(n,)95Zr 17.38 0.06 64 d 0.724, 0.7567 

124Sb 123Sb(n,)124Sb 57.21 4.04 60.2 d 0.603, 0.723, 1.691 
121Sb 121Sb(n,)122Sb 42.79 6 2.7 d 0.564, 0.693 

110Ag 109Ag(n,)110mAg 
48.16 89 

24.6 s 8s: 0.658, 0.885, 0.937, 
1.384 (major) 

 

 Some of the neutron activated radio nuclides from the corrosion products are given in 

Table 1.2 along with their half lives, the mode of formation and important  energies that 

they emit [23]. The inventory of any radionuclide depends upon the % composition of an 

element in the alloy, % abundance of the isotopes, thermal neutron cross section and the 

decay constant. However, the contribution to the radiation field will include the energy of the 

radiation emitted by these isotopes. Considering all these factors 60Co and 58Co are the most 

dominant radio activities in water cooled nuclear reactors. They are denoted by *Co in this 

work. 
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1.1.3 Activity Deposition on Out of Core Surfaces 

 Core activated corrosion products and fission products are transported to the coolant 

circuit and to the steam generator.  Deposition of activity takes place under the influence of 

temperature gradient on surfaces of steam generator and coolant circuits. As a result, 

increasing in the radiation build-up is observed on the out-of-core surfaces. Activity as 

particulates can stick to these oxide surfaces. Soluble activity can be adsorbed or exchanged 

on the outer layer oxide. The activity incorporation can also happen during the formation of 

the outer layer. The activity incorporation on oxide films occurs through the following 

mechanisms. Here, different mechanisms are mentioned with the example of radioactive 

*Co.  

 

1.1.3.1 Adsorption 

 Oxide surface suspended in a solution acquires an electrostatic charge called surface 

charge. This surface charge attracts oppositely charged species in the solution causing its 

adsorption on the oxide surface. This surface charge develops a potential which is known as 

zeta potential which depends on the pH of the solution. This can be represented as  = k(pzc 

– pH) where  is the zeta potential, ‘pzc’ is the pH where the oxide surface shows zero 

charge. Usually, adsorption from the solution takes place at the surface hydroxyl group of the 

oxide as represented here: 

 MOH + *Co (OH)+   MO*Co(OH) + H+  …….(1.1) 
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1.1.3.2 Ion-exchange Mechanism 

 In a nuclear reactor, the oxides in corrosion product are dominantly spinel type oxide. 

In the spinel structure, metal ions stay in tetrahedral (Td) and octahedral (Oh) sites created by 

the spatial distribution of oxygen anion. These metal ions can be exchanged from the metal 

ions of the environment under the driving force of extra site preference energy and lattice 

stabilization with ion exchange of metal ions. Ion exchange location of the incoming metal 

ion is decided by relative stabilities in Td and Oh position of spinel oxides and the preferred 

cation distribution as decided by the cations, their ionic size.   

 (Fe3+)Td(Fe2+Fe3+)OhO4 + *Co2+ (Fe3+)Td(*Co2+Fe3+)OhO4 + Fe2+  …….(1.2) 

 

1.1.3.3  Co-precipitation  

 The corrosion product and radioactive nuclide can co-precipitate on the structural 

material surface of the reactor as a result of solubility/super-saturation consideration. 

Solubility of corrosion product varies with the pH and temperature of the coolant. There is a 

temperature gradient across the core and the steam generator of the coolant circuit and hence 

variation of local pH is expected. Hence, the driving force for the corrosion product 

precipitation prevails due to the constant variation in temperature across the PHT system.   

 

1.1.3.4 Particle Deposition 

 The soluble corrosion product may precipitate as particles in super saturated regions 

of the coolant circuit oxide. However many models are available to describe the deposition 

and release of particles from the oxide films. One of them defines a strong force existing 

between the particles and the surfaces once the particle has reached the boundary layer 
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[23A]. The rate of deposition is related to the size of particles. The settling of bigger particles 

(>1m diameter) on the oxide surfaces is mainly governed by their inertial effects. Thus, in 

low flow areas such as surge tank and crevices, particles settle down, which leads to a build-

up of hot spots. In the case of smaller particles (<0.1 m) that are colloidal in nature their 

surface charge plays an important role in their adhesion onto the surfaces.  

 

1.2 Radiation Field Control/Reduction 

 Controlling the build-up of activity in corrosion products is essential and challenging. 

It should be taken care off to minimize the exposure of personnel to radiation, increase the 

productivity and extend the life of the reactor [24]. In fact, radiation field controlling 

measures can be implemented at the design, commissioning or operation level of the nuclear 

reactor. The measures of design and commissioning may be implemented in upcoming 

plants. Some of the important measures are as follows:  

 

1.2.1 Selection of Material  

 Selection of the proper material is one of the most stringent measures at the design 

stage itself. The selected material should not only have low corrosion and low release rate but 

also released material should not become radioactive of high energy gamma emission with 

large half life. In particular, cobalt and antimony containing alloys or other similar materials 

should be avoided in the core, coolant circuit and in wear resistant components like valves 

and seals.  
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1.2.2 Hot Conditioning of Structural Materials 

 In the commissioning stage of nuclear power plant, hot conditioning of the internal 

surface of the CS is carried out. In hot conditioning, the CS surface is exposed to high 

temperature alkaline aqueous solution in reducing condition without fuel in the core. In the 

hot conditioning process, impervious, adherent and protective magnetite coating is formed on 

CS, which reduces the release of metal ions during normal operation of nuclear reactors [25]. 

Controlled hot conditioning or hot functional tests are carried out in PWRs and VVERs also. 

They also eliminate the generation of loose crud.  

 

1.2.3 Optimization of Coolant Chemistry 

 The coolant chemistry is optimized to control the generation and transportation of 

corrosion products. Optimization tool is pH and dissolved oxygen level in the coolant. 

Coolant pH is maintained such that the temperature co-efficient for the solubility of corrosion 

products should be positive in the reactor core. This limits the deposition in-core and hence 

reduces the residence time in the core to inhibit the formation of activated products. In 

PHWRs and PWRs, a very low level of oxygen and alkaline pH of the coolant ensures the 

minimum generation and transportation of corrosion product (oxides). 

 

1.2.4 Metal Ion Passivation (MIP) 

 In the presence of some metal ions, restructuring of the existing oxide film is carried 

out such that the oxide film becomes more compact, adherent and protective. The injection of 

metal ions is done during hot conditioning and normal plant operation. The process of MIP 

already is in operation in BWRs and in some of the PWRs. In these plants, addition of zinc 
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ions in ppb level reduced the uptake of cobalt activity [26]. The similar benefit of MIP with 

magnesium ions in PHWRs is being explored [27]. Both coolant chemistry management and 

MIP measures have long term impact on the control of radiation field build up. 

 

1.2.5 Decontamination 

 Decontamination is the process of removal of unwanted radioactivity from the 

system. It is a short term measure and gives an instant reduction in the radiation field on 

structural surfaces at selected locations for carrying out shut down maintenance jobs. 

However the recontamination also takes place rather quickly. The radioactivity is removed 

by dislodging or dissolving the source materials either mechanically or chemically. In 

general, decontamination of components is carried out prior to maintenance or disposal. Full 

PHT System chemical decontamination is also possible by following suitable method and 

related safety measures. Decontamination helps in the removal of radioactivity from existing 

nuclear reactor and forms a part of the life extension programme.  

 

1.3 Decontamination Methods 

 Decontamination can be brought about by mechanical, physical and chemical 

methods [28]. Among the mechanical methods, the important ones are vibratory cleaning 

(generally using an ultrasonic vibrator), abrasive cleaning, mechanical brushing and 

machining. Important physical method is the application of strippable coating. Limitation of 

mechanical and physical methods is that these can be applied over the limited surface area 

and access to intricate and geometrically complicated areas is limited. While with the 
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chemical methods of decontamination, cleaning is possible in varying geometries, sizes and 

locations.  

 

1.3.1 Chemical Decontamination 

 Chemical decontamination methods are closely related in principle and chemistry to 

the process of chemical cleaning. However, chemical cleaning is used mainly for removal of 

non-radioactive contaminats such as scale, corrosion product and grease from the boiler, 

steam generator etc and it utilizes aggressive chemicals at higher concentration levels. In 

chemical decontamination, radioactive deposits are dissolved from the surface by using 

chemical formulations. The dissolution of deposits is carried out at elevated temperatures 

(70-120oC) and under circulation conditions to ensure uniform removal of the oxide from the 

system/components with limited / no base metal attack [29-31]. Depending upon the total 

concentration of the chemicals used, chemical decontamination is classified as “hard” (>5 

g/l) and “soft” (0.1 – 5 g/l) decontaminations. 

 

1.3.1.1 Hard Chemical Decontamination 

 Hard chemical decontamination is usually carried out with mineral acids such as HCl, 

HNO3, H3PO4, H2SO4, strong alkali such as NaOH and other reagent like NaHSO4, 

NH2SO3H, citric acid, ammonium citrate, sodium tartarate are used. The major problem with 

the method is excessive corrosion of the base metal and generation of lot of radioactive waste 

[32, 33]. The hard chemical cleaning is mostly used during the decommissioning of certain 

components or the nuclear facility itself, where activity removal is the prime concern 

compared to base metal corrosion.  
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1.3.1.2 Soft Chemical Decontamination   

 Soft chemical cleaning is performed mostly with organic acid, chelating, oxidizing 

and reducing agents. Soft chemical decontamination employs dilute solutions. Hence, they 

are also termed as “Dilute Chemical Decontamination” (DCD) process [34]. Some of the 

important reagents used are nitrlio triacetic acid (NTA), ethylene diamine tetra acetic acid 

(EDTA), picolinic acid (PA), citric acid, ascorbic acid, oxalic acid, gallic acid etc. Though in 

soft chemical decontamination, base metal loss is negligible, the duration of the process is 

quite high as the oxide dissolution rate is slow.  

 

1.3.2 Chemical Decontamination Process 

 The chemical decontamination process can be operated in non-regenerative or 

regenerative mode. In non-regenerative mode, the chemical formulation is added to the 

system, circulated and drained (or removed over mixed bed) after the sufficient dissolution 

(saturation of the formulation with metal ions) is achieved. While in regenerative process, 

exhausted formulation is regenerated by ion exchangers and the more oxide dissolution is 

continued. In regenerative chemical decontamination process the following steps are 

involved. Each of the steps is important in the success of the chemical decontamination 

process. 

 

Oxide dissolution 

 For an oxide to be dissolved, two conditions must be met. First, there must be a 

thermodynamic driving force and, second, a kinetic pathway must be available for the 

transfer of the component into solution.  
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 One method is to destabilize the oxide lattice by a proton attack on the oxide sub-

lattice [35].  

 8H+ + Fe3O4  Fe2+ + 2Fe3+ + 4H2O  .......(1.3) 

 This is the basis of decontamination methods using mineral or organic acids. 

However, acid attack is a slow process for many types of oxide dissolution unless the 

reagents are used in high concentration. In an alternative method, attack on the cation sub-

lattice by “electrons” provides rapid dissolution even with dilute reagents. The required 

“electrons” can be from the reducing agent or from the base metal corrosion.  

 8H+ + 2e- + Fe3O4  3Fe2+ + 4H2O  .......(1.4) 

 

Complexation 

 The dissolved metal ions should be retained in solution without being precipitated, 

which is implemented by their complexation with chelant. The chelant is one of the 

constituents of the decontamination formulation. Most of chemical formulation members are 

good chelating agents and make complexes with the dissolved metal ions. 

 Complexation of dissolved iron is achieved by the completely dissociated, form of 

organic acid, H4Y 

 Fe2+ + Y4-  [Fe −Y]2-  …….(1.5) 

 

Regeneration of Chemical Formulation and Activity Removal 

 Metal complexed formulation is passed through a cation exchange resin. Cation 

exchange resin breaks the metal complexes and picks metal ions and releases equivalent H+ 
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ions. These H+ ions regenerate complexing agents to their acid (H+) form, which are 

circulated back into the system to dissolve more oxides. Thus, the process of oxide 

dissolution is continuing at appreciable rate [36]. Cation exchange resin not only regenerates 

complexing agent but also picks up of all cationic radio active and inert metal ions.  

 Regeneration of the formulation over ion exchange resin 

 [Fe-Y]2- + 2R-SO3H   (R-SO3)2Fe + Y4- + 2H+  .......(1.6) 

 

Removal of Decontaminants 

 After achieving sufficient decontamination, the chemical regeneration process is 

stopped by valving-in mixed bed ion exchange columns instead of the cation columns. Mixed 

bed columns remove the remaining metal ions/activities and the decontaminants so as to 

restore the system back to the operating conditions [36]. In the removal process, the 

decontaminating chemicals are removed on the anion exchange resin and the metal-

decontaminants complexes are broken-up releasing the metal ions and decontaminants, 

which are then removed over cation exchange resin and anion exchange resin respectively. 

Thus, ion exchange resins play a vital role in the regenerative chemical decontamination 

process.  

 Removal of decontaminant 

 4R4N
+OH- + Y4-  (R4N)4Y + 4OH-  .......(1.7)  

 Removal of anionic metal complex 

 2R4N
+OH- + [Fe-Y]2-  [(R4N)2Y-Fe] + 2OH-  .......(1.8) 
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1.3.3  Decontamination Factor 

 Decontamination Factor (DF) is used to express the results of decontamination. 

Where DF is 

  

 

 The dose rate is measured at well-defined points in the system before and after the 

decontamination. A DF factor in the range 2-10 is normally acceptable, since a value of 2 

represents 50% removal of the activity while a value of 10 represent 90% removal of the 

activity.  

  

Table-1.3: Formulation used for iron based oxide dissolution. 

Process Formulations 

CAN-DERM EDTA + Citric Acid 

CAN-DECON EDTA + Oxalic Acid + Citric Acid 

CITROX Citric Acid + Oxalic Acid 

EAC EDTA + Ascorbic Acid + Citric Acid 

NAC NTA + Ascorbic Acid + Citric Acid 

LOMI ( Low Oxidation State Metal Ion) Vendoous Picolinate in Formic Acid 
Chromous EDTA 

  

Table-1.4:  Two stage decontamination process. 

Process First Step Second Step 

APAC Alkaline Permanganate Dibasic Ammonium Citrate 

APACE Alkaline Permanganate Dibasic Ammonium Citrate + EDTA 

APOX Alkaline Permanganate Oxalic Acid 

AP-EAC Alkaline Permanganate EDTA + Ascorbic Acid + Citric Acid 

CORD Permanganic Acid Oxalic Acid 

POD Nitric Acid Permanganate Oxalic Acid and Citric Acid 

DF =
Dose rate before decontamination
Dose rate after decontamination

…….(1.9)DF =
Dose rate before decontamination
Dose rate after decontamination

…….(1.9)
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1.3.4  Decontamination of Iron Rich and Nickel-rich Oxides 

 If the composition of the oxide layer is dominantly iron based, such as magnetite or 

hematite then a combination of reducing organic acid and a chelating agent is used for 

chemical decontamination. Table-1.3 gives some of reducing type of chemical formulations 

developed to dissolve predominantly iron based oxides [36-40]. 

 However, if the oxide contains appreciable amounts of chromium, then such reducing 

formulation is not sufficient to dissolve oxide due to its inability in dissolving chromium 

related oxide. 

 

1.3.5  Decontamination of Chromium Containing Oxide 

 Chromium containing alloys, such as stainless steel, Inconel, Incoloy-800 etc., form 

chromium containing oxides. These oxides are mostly composed of chromites having +3 

oxidation state. To dissolve, chromium needs to be oxidized to +6 oxidation state. Thus, 

oxidizing agent such as the permanganate solution is used to pretreat chromites by oxidizing 

Cr3+ to Cr6+. The chromium depleted oxide layer is then subjected to reducing type of 

formulation wherein the other constituent of the oxide dissolves. For thicker oxide layer, the 

above two steps i.e. oxidizing and reducing formulation should be applied several times 

alternately. Table-1.4 gives some of the two stage decontamination processes. 

 

1.4 Background of this Study; Radioactivity Problem 

 In many nuclear power plants, particularly Pressurized Water Reactor (PWRs) 

and Pressurized Heavy Water Reactor, radioactive antimony isotopes have been observed 

to cause the problem of radiation field in the primary coolant systems of the reactor [4-6]. 
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The antimony activities reside in the core during operation and get released in the 

primary coolant system during shutdown, unplanned short drastic unit power decrease 

and chemical decontamination process. In Indian PHWRs, the release of antimony was 

observed during draining of heavy water and during SG level control operations during 

shutdown. The antimony activity was also released in Indian PHWRs during chemical 

decontamination [4]. The released activity of Sb re-deposited on primary coolant 

structural materials especially on the CS surface and thereby increased the radiation level. 

 

1.4.1  Antimony Activity Source 

 Among the various radioactive isotopes discussed in Table 2, the antimony 

activity is a major concern and radioactive antimony isotopes 122Sb and 124Sb were 

observed in nuclear power plants. 124Sb has a longer half life (60.2 days) than 122Sb (2.73 

days). Hence, 124Sb substantially contributes to a radiation field for a longer duration and 

to personnel exposure. These radioactive antimony isotopes give high energy -radiation 

as shown in Table 2. The radioactive antimony isotopes are the neutron activation 

products of the inactive precursors 121Sb and/or 123Sb. The abundance of inactive 121Sb 

and 123Sb isotopes are 57.21% and 42.79% respectively. The thermal neutron activation 

cross section for 121Sb is 6x10-24 cm2  and for 123Sb is 4x10-24 cm2 [41]. Thus, there is a 

very high probability of generation of radioactive 122Sb and 124Sb isotopes. The activation 

is carried out with neutron flux in the core according to following reactions: 

 121Sb (n,)  122Sb ( = 6 b)  …….(1.10) 

 123Sb (n,2n)  122Sb ( = 1.67 b) …….(1.11) 
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 123Sb (n,)  124Sb ( = 4.04 b) …….(1.12) 

  Other possible sources of 122Sb are 122Te and of 124Sb are 124Te, and 127I according 

to the reactions: 

 122Te (n,p)  122Sb ( = 0.01 b) …….(1.13) 

 124Te (n,p)  124Sb ( = 0.008 b) …….(1.14) 

 127I (n,)  124Sb  ( = 0.001 b)…….(1.15) 

 The origin of 122Te, 124Te, 125Te and 127I is connected with the fission products 

emerging in the coolant from fuel elements which have clad failures.  

 In primary coolant system, a possible source of inactive antimony isotopes (121Sb 

& 123Sb) may be the antimony containing graphite pump seals, bearings and/or other 

impurities in different construction materials of the coolant system.  

 

1.4.2 Behavior of Antimony Isotopes 

Antimony is a metalloid and in aqueous medium it can exist in the elemental, +3 

and +5 states. Thermodynamically, Sb +5 should be stable in oxidizing environment 

while Sb +3 in reducing environment. But, both oxidation states are coexisting in a wide 

range of natural aqueous system due to slow redox reaction rate [42]. In oxidizing to 

mildly reducing conditions, Sb(OH)6
- is the dominant antimony aqueous species at pH 

greater than approximately 2.5. Under moderately reducing condition, hydrolytic species 

Sb(OH)3
o is abundant at pH 2 to 12. Dissolved antimony remains as oxyanions at almost 

the entire pH range. In acidic condition iron oxide surface has positive surface charge and 

Sb adsorption takes place under the influence of columbic attraction, but adsorption is 
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limited to a negligible quantity as pH increases from neutral to highly basic pH values 

[40]. 

	

1.4.3 Antimony Activity Transportation and Build-up 

 Inactive antimony (121,123Sb) is one of the components of graphitic sealant and 

high pressure pump bearings used in the high flow water circulating system of reactors. 

Over years of operation at high temperature and high pressure of the power plant the 

inactive Sb is dislodged from its original location due to wear and the solubility of Sb. 

This dislodged Sb accumulates as a corrosion product in reactor core (Zircoloy) and gets 

activated in the core. There is a tendency for the Sb to remain in the core because of its 

extra affinity for zircaloy. Zircoloy develops zirconia during the normal operation of 

nuclear power plants [12]. Zirconia is an amphoteric oxide and such oxides adsorb 

cations when the pH of the solution is higher than the isoelectric point (IEP) of the oxide, 

while anion adsorbs when the pH of the solution is lower than the IEP value of the oxide 

[43]. Antimony is an oxyanion and it adsorbs at lower pH than the IEP value of Zirconia. 

The IEP value of Zirconia is in a range of pH 4-11 [44] and nuclear power plants work 

within that pH range during normal operation thus antimony adsorbs preferentially on 

Zirconia surface.   

The activated Sb is released from the core due to sudden changes in coolant 

conditions in PHT system and these changes may be in pH, temperature or ingress of 

oxygen. These changes occur during (i) shutdown (ii) any unplanned short power 

fluctuations and (iii) specially during the chemical decontamination process [4]. As a 
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result Sb activity releases in the coolant medium and re-deposits on primary coolant 

structural materials especially on CS and gives rise to the radiation exposure problem.  

 

1.4.4 Peroxide Approach to Eradicate Antimony Problem 

 As PWRs and PHWRs reactors are working under reducing water environment, 

antimony is expected to be present in elemental Sb(0) or as Sb(+3) states. For Sb removal 

from the aqueous medium, it is necessary to transform the Sb into a soluble form, which 

can then be separated out on anion exchange resin. Antimony adsorption on structural 

material is minimum in basic and oxidizing condition due to Sb(V) formation which is 

thermodynamically the most soluble ionic species of Sb under basic pH and oxidizing 

conditions [42]. The addition of H2O2 in order to oxidise  Sb to Sb(V) was achieved well 

in basic condition as tried in PWRs and PHWRs in the temperature range of 500C – 

<1000C [6]. The addition of H2O2 in coolant mobilized Sb effectively. However, the 

mobilized Sb(V) was not removed effectively on anion exchange column due to higher 

concentration of OH- ions which provides competition to anionic Sb(V) in removal by the  

anion exchange column. In case of PHWRs, where large magnetite coated CS surface is 

available, large consumption of H2O2 was observed. Peroxide might be consumed in the 

conversion of magnetite to hematite [5]. Hematite may generate a huge amount of crud 

during normal operation of the PHWRs. Another problem with peroxide method is that it 

works at higher pH and oxidizing conditions, whereas it is essential to maintain an acidic 

pH and reducing conditions for chemical decontamination to work effectively. As a result 

there is a chance of generation of a lot of crud. Hence, there is a need for an alternative 

method to remove Sb from PHWRs in the process of chemical decontamination itself. 
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1.5 Aim and Scope of the Study 

 The antimony activity related problem can be eliminated by stopping the release 

of Sb activity from core area or by stopping adsorption of radioactive Sb on out-of-core 

surfaces. The operations under which Sb activity releases are part of plant operation, so 

the release of Sb activity from core is difficult to control. Inhibition of antimony 

adsorption on out-of-core surfaces is the other option left to solve the problem. In the 

chemical decontamination process particularly with PHWRs, released Sb activity is 

preferentially picked up on the surfaces of PHT system components especially on the 

magnetite coated CS surface rather than on cation exchange resin. So there is a need to 

understand the Sb deposition on CS and magnetite surfaces and device methods to inhibit 

Sb deposition on these surfaces. 

 In nuclear power plants, coolant flows non-isothermally and as a result, Fe3O4 

coating thickness is varying over different locations. There are some locations where 

thick Fe3O4 coating is formed whereas in some places thin Fe3O4 coating is formed on CS 

surface. In chemical decontamination, the chemical formulation doesn’t reach to the CS 

surface in place where thicker Fe3O4 coating exists and oxide film acts as Fe3O4 powder. 

While in thin Fe3O4 coated surface, the formulation is exposed to the CS surface. Hence, 

CS metal surface and Fe3O4 powder are used for studies and finally some experiments 

were performed with thick and thin Fe3O4 coated CS surfaces.  

 

1.5.1 Mechanistic Aspects of Sb Deposition on Carbon Steel and Magnetite surface 

  The mechanism by which Sb pickup takes place during chemical decontamination 

is not yet clear. Plating out as metal is one of the possibilities as indicated by Dundar et al 
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[5]. As antimony can be present in three oxidation states in aqueous solution, namely Sbo, 

Sb3+ and Sb5+, it is not clear if all the states are stable under chemical decontamination 

medium and which of the states is conducive for its pick up on the CS surface or 

magnetite surfaces. Hence this area needs to be probed with more care and a suitable 

mechanism needs to be evolved. 

 

1.5.2 Inhibition of Antimony Deposition on Carbon Steel Surface  

 During chemical decontamination of magnetite coated CS, base metal corrosion 

takes place due to the action of acid on the metal and due to the action of metal acting as 

reductant for Fe3+. There is a need to investigate if corrosion of base metal is one of the 

reasons for Sb pickup. If this is the case, then a good corrosion inhibitor could inhibit the 

Sb adsorption on CS surface. Hence different types of corrosion inhibitors were tried to 

explore the possibility of Sb inhibition on CS surface and to find out the mechanism of 

Sb inhibition if those were succeeded.  

 

1.5.3 Antimony(III) Adsorption Minimization on Magnetite Surface  

 Antimony adsorption was observed on the Fe3O4 surface during chemical 

decontamination. Several studies are available where Sb adsorption was carried out on 

Fe3O4 in the pH range of 4-10 at ambient temperature and conditions [45, 46]. But during 

the chemical decontamination process, conditions are different viz. working pH range is 

2.7 – 5.5, temperature is ~85oC, organic complexing acids for maintaining pH and 

reducing condition are present. These parameters may affect the adsorption behavior of 

Sb on Fe3O4 surface. Hence, there is a need to explore this aspect. Though antimony has 
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a poor complexion ability with organic complexant [47], it can still influence the 

adsorption on Fe3O4.
 Hence Sb adsorption is needed to be investigated with different 

complexing organic acids. Adsorption of Sb on Fe3O4 surface can also vary with pH, 

concentration of organic acids and the presence of other cations or oxyanions. Hence, the 

present investigations cover these areas as well. 

The work reported in this thesis is essentially related to the understanding of Sb 

adsorption during chemical decontamination and modifying the existing chemical 

decontamination process to counter the Sb problem.  
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Chapter 2 

METHODS AND MATERIALS 

 

2.1 Purpose of the Analytical Investigations 

 The main objective of this research program is to understand the deposition of Sb 

during the chemical decontamination process on carbon steel (CS) surface and on the 

magnetite surface over CS and devise suitable modifications in the formulation to prevent 

its deposition. Hence all experiments were carried out under the conditions, which are 

followed for chemical decontamination of iron rich oxide surfaces. A combination of 

organic acids and chelating agents in reducing condition at 85±1oC was used as the 

experimental medium. Reducing environment was achieved by continuous purging of 

inert Argon gas throughout the course of the experiment and the purity of Argon gas was 

99.995%. 

i. In studies on kinetics of dissolution of different Sb species (oxidation states) in 

aqueous medium, experiments were performed to find out the stable soluble 

species of antimony under the working conditions. In Sb deposition and 

inhibition experiments, specimens were exposed to the solution in batch mode 

with intermittent solution sampling. Liquid phase analysis (for Fe and Sb) was 

carried out to understand the changes in the composition of the solid phases. 

As there is corrosion process occurring during either Sb deposition or release 

(during chemical decontamination), there is a need to quantify the 

concentrations of Fe and Sb at different levels during the experiments. Hence, 

UV-Vis spectrophotometry (UV), Atomic Absorption Spectrometry (FAAS), 

Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) were 

employed depending upon their suitability. 
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ii. Surface characterization is needed to know the changes in crystal structure and 

phase due to deposition and release of Sb either on metal or on ferrite. X-ray 

Photoelectron Spectroscopy (XPS) was used extensively to explore the 

possible mechanism in antimony deposition and its inhibition over 100 Å 

thickness. 

iii. Surface morphology was studied with Scanning Electron Microscopy (SEM) 

and energy dispersive x-ray microanalysis (EDX). X-ray diffraction (XRD) 

was used to find out the formation of any new crystalline compound during 

the exposure process. Magnetite powder samples were analyzed by Fourier 

transform Infrared spectroscopy (FT-IR) to identify the interaction of 

magnetite with antimony and chelating agents.  

iv. As some of the surfaces ( metal or metal overlaid with oxide) get altered either 

due to Sb deposition or release, a study made by using electrochemical 

techniques (like potentio-dynamic anodic polarization - PDAP and 

electrochemical impedance spectroscopy - EIS and Tafel plot) will throw light 

on the changes taking place at the surface/ interface. 

Hence the above mentioned techniques are employed during the investigations carried 

out in this work. 

 

2.2 Experimental Setup for Dissolution and Deposition Studies 

 A glass setup was used to perform all the experiments as shown in Fig. 2.1.The 

glass setup was the combination of 1liter round bottomed flask, condenser, thermometer, 

Ar gas purging glass tube and a heating & stirring mantle. All types of experiments viz. 

dissolution, deposition, inhibition etc. were performed with this glass setup. One neck of 
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the round bottomed flask was used to collect liquid samples with pipette and during 

sampling the Ar gas purging rate was increased to avoid air ingress.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1: Glass set-up for static experiments. 
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Tri Acectic Acid (NTA), Ascorbic Acid (AA) and Citric Acid (CA) (300 ppm each) 

under de-aerated condition. The mixture of organic reagents is called “NAC 

formulation”. Solution samples were taken at pre-determined intervals and analyzed for 

antimony by AAS and UV-spectrometer.  

 

2.3.2 Antimony Adsorption on Metal Surfaces 

 Experiments related to the adsorption of Sb(III) and Sb(V) on CS surface were 

carried out on CS specimens with the dimension of 1cm x 1cm x 0.2cm. The CS 

specimens were polished with 400 grade silicon carbide paper. The polished specimens 

were cleaned with acetone and washed with Millipore water. The solution samples were 

taken at predetermined intervals and were analyzed by Atomic Absorption Spectrometry 

and UV spectrometer or Inductively Coupled Plasma – Atomic Emission Spectroscopy. 

 The exposed specimen surfaces were further characterized by different 

techniques.  

 

2.3.3 Antimony Adsorption Inhibition on Carbon Steel 

 The experiments for inhibition of antimony adsorption on CS were carried out 

in batch mode. Organic inhibitors viz. Rodine 92B, Thio-urea, and Di-phenyl thio 

urea were tried to quantify their inhibitory effects on Sb(III) adsorption on CS in the 

presence of NAC formulation. Similarly, different passivators viz. MoO4
2-, SeO3

2-, 

PO4
3-, and AsO2

- were also tested for their inhibition power on Sb adsorption on CS in 

5mM Citric Acid. Inhibition experiments were carried out in citric acid medium only 

for better understanding of the adsorption process in the absence of complexing 

agents (NTA). 
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2.3.4 Ultrasonic Treatment of Exposed Carbon Steel Coupon  

 After the exposure of CS coupons to decontamination formulation, the 

coupons were observed to contain loosely bound material. Ultrasonic bath was used to 

separate out the loosely bound material from the coupons. While ultrasonic treatment 

removed only loosely held material, the inherent oxide on the carbon steel specimens 

remained undisturbed. The samples were kept in an ultrasonic bath (Model Life Care 

Fast Clean Ultrasonic Cleaner, 60Watt, 33±3KHz, India) for about twenty minutes 

and subsequently the detached materials from samples were filtered out on Millipore 

filter paper of 0.22m pore size. Both loosely bound material and ultrasonically 

treated specimens were used for subsequent characterization.  

 

2.3.5 Antimony Adsorption and Its Inhibition on Magnetite Surface 

 In general, CS surfaces are covered with a thick magnetite layer developed 

during normal operation of nuclear plants. So it is mandatory to get a thorough 

understanding of Sb adsorption on magnetite surfaces also. Hence adsorption studies 

were carried out extensively on magnetite powder. In adsorption experiments, 250 ml 

high purity water was heated and de-aerated. Subsequently organic acids were added 

in the required quantities in water followed by the addition of 10ppm Sb(III) (solution 

of Sb2O3).  Magnetite powder (1.0g) was added into the solution after one hour of the 

addition of the Sb2O3 solution.  

 Antimony(III) adsorption studies were carried out with different complexing 

organic acids and these complexing organic acids were selected based on their 

complexing capability with Fe and Sb. Subsequently, some adsorption experiments 

were performed to assess the effects of cations such as Mn2+, Mg2+; oxyanions like 

MoO4
2-, PO4

3-; organic compounds viz. Rodine 92B, Pyrogallol Red, Phenanthroline 
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on Sb(III) adsorption. Surface modification of magnetite was also attempted by using 

Lauric acid and Benzoic acid at 85±1oC for 5 hours to minimize further adsorption of 

Sb(III) in Tartaric Acid. During the course of those experiments, solution samples 

were taken at predetermined intervals and the samples were analyzed using ICP-AES 

to determine the concentration variation of iron and antimony in solution. Adsorption 

process was evaluated using the following equation,   

 A = [(Ci – Cx)/Ci] / W …….(2.1) 

Where  

 A = Adsorption Fraction per unit mass of magnetite or cm2.  

 Ci = Initial concentration of Sb(III) before magnetite powder addition 

 Cx = Sb(III) concentration at sampling time 

 W = weight of un-dissolved magnetite powder* 

* In some CS related experiments ‘W’ was the exposed surface area in cm2. 

Details of these studies are given in the subsequent chapters. 

 

2.4 Instrumental Techniques 

2.4.1 Ultraviolet/Visible Spectroscopy 

 In ultravioletvisible spectroscopy, the molecule absorbs ultraviolet/visible light 

(200nm to 800nm) and as a result valence electrons are excited from ground electronic 

state to an excited electronic state. In general, valence electrons stay in bonding orbital, 

 bonding orbital and non-bonding orbital. Transitions from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) require 

the least amount of energy and therefore usually the most important. The electronic 

transition follows certain selection rules. UV absorptions are generally broad because 
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vibrational and rotational levels are “superimposed” on top of the electronic levels. For 

this reason, the wavelength of maximum absorption (max) is usually reported. 

 

 

 

 

 

 

 

 

 

Fig. 2.2: Schematic of a UV/Vis. Spectrometer instrument. 
 

 The ultraviolet visible spectra of compounds are usually obtained by passing light 

of a given wavelength (monochromatic light) through a dilute solution of the substance in 

a non-absorbing solvent. As light absorption is a function of the concentration of the 

absorbing molecules, hence the absorption of light as reported by the Beer-Lambert Law 

is, 

 Absorbance = -log(I/I0) = cl ……. (2.2) 

Where: 

 I = intensity of transmitted light 

 I0 = intensity of incident light 

  = molar absorptivity 

 c = molar concentration of solute 

 l = length of sample cell (cm) 

 

Tungsten 
lamp

Filter

Shutter

Half-silvered 
mirror

Sample 
cell

Solvent 
cell

Photocell

Photocell

Null 
Detector

Tungsten 
lamp

Filter

Shutter

Half-silvered 
mirror

Sample 
cell

Solvent 
cell

Photocell

Photocell

Null 
Detector



Chapter 2: Methods and Materials 34 
  

2.4.1.1 Instrumentation 

 A schematic diagram of uv/vis spectrometer is shown in Fig.2.2. A hydrogen or 

deuterium discharge lamp is used in the ultraviolet range and a tungsten/halogen lamp is 

used in the visible range. The white light passes through a grating monochromator. In the 

double beam instrument, a light beam is spilt by a half-silvered mirror, which transmits 

about 50% and reflects the other 50%. One beam passes through the sample and then to a 

photovoltaic cell; simultaneously other beam passes through the solvent to a similar 

transducer. The spectrum is produced by comparing the currents generated by the sample 

and the reference beam. The comparison is carried out with null detector. 

 The UV/Vis. instrument used is made from M/s Thermo model evolution 500. 

The instrument was used to differentiate Sb(III) and Sb(V) species in the solution with 

Pyrogalol red complexing agent. 

 

2.4.2 Flame Atomic Absorption Spectrometry (FAAS) 

 FAAS is a spectro analytical procedure for the qualitative and quantitative 

determination in trace and ultra trace level of chemical elements. Atomic absorption 

spectroscopy uses the absorption of light to measure the concentration of gas-phase 

atoms. Hence in FAAS, the analyte usually in liquid phase is vaporized inflame into the 

gas phase. The ground state atoms adsorb ultraviolet or visible light and make the 

transition to higher electronic energy levels. The amount of light adsorption corresponds 

to analyte concentration [2]. Application of the Beer-Lambert law directly is difficult in 

FAAS due to variation in the atomization efficiency from the sample matrix, and non-

uniformity of concentration. Usually, concentration determination is carried out after 

calibrating the instrument with standards of known concentration. 
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2.4.2.1 Instrumentation 

 A schematic diagram of a FAAS is shown in Fig. 2.3. The light source is usually a 

hollow-cathode lamp of the element that is being measured. In FAAS, flame burner is 

used for desolvation, vaporization and atomization of liquid sample at higher temperature 

(2100 – 2800oC). Sample solutions are usually aspirated with the gas flow into a 

nebulizing/mixing chamber to form small droplets before entering the flame. FAAS uses 

monochromator and detectors for UV and visible light. The main purpose of the 

monochromator is to isolate the adsorption line from background light due to 

interference. Usually in dedicated instruments monochromator is replaced with a 

bandpass interference filter. Photomultiplier tubes are the most common detectors for 

FAAS [3]. The technique encounters some chemical and physical interference. 

 

 

 

 

 

 

 

Fig. 2.3: Schematic of a FAAS instrument. 
 
 
 The FAAS instrument used in this study was from M/s GBC model 902. In all the 

measurements in this study the standard solutions were prepared along with organic acid 

employed in the study to counter the possible interference effects.  
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2.4.3 Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) 

 An inductively coupled plasma spectrometer is a tool for detection of metals in 

solution in the concentration range percentage to ultra trace level. A schematic diagram 

of ICP-AES is similar to FAAS as shown in Fig. 2.3.The only difference in ICP-AES is 

the light source and sample atomizer. In plasma torch, liquid sample is injected into argon 

gas plasma contained by a strong magnetic field generated by RF generator. The plasma 

generates a temperature of approximately 8000°C. At this temperature all elements 

become thermally excited and the electrons emit light at their characteristic wavelengths 

as they return to ground state. This light is collected by the spectrometer and passes 

through a diffraction grating that serves to resolve the light into a spectrum of its 

constituent wavelengths. Within the spectrometer, this diffracted light is then collected by 

photomultiplier tubes as detector and amplified to yield an intensity measurement that 

can be converted to an elemental concentration by comparison with calibration standards. 

This technique is also known as inductively coupled optical emission spectrometer (ICP-

OES), is a very sensitive technique for identification and quantification of elements in a 

sample [4]. Most of the ICP-AES instruments are designed to detect a single wavelength 

at a time (monochromator) and this can be done in sequential scanning. Since an element 

can emit at multiple wavelengths and this wavelength can be captured simultaneously 

with polychromator. Detection limits typically range from parts per million (ppm) to sub 

parts per billion (ppb), depending on the element and instrument. 

 The ICP-AES from HORIBA JOBIN YVON model ULTIMA 2 was used for 

elemental analysis. The instrument has sequential scanning based on Czerny Turner 

monochromator with 1meter focal length and a high frequency 40.68 MHz RF generator. 

The instrument gives resolution <10 pm up to 430 mm and < 18 pm up to 430 -800nm. 
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The relative standard deviation was less than 1.5% for elements analyzed by the 

technique. 

 

2.4.4 Powder X-Ray Diffraction (XRD) 

 XRD is a non-destructive technique that reveals phase and unit cell dimension 

information of a crystalline material. The powder XRD technique is used for the powder 

sample consisting of fine grains of single crystalline material and also for particles in 

liquid suspensions or polycrystalline solids (bulk or thin film materials).Powder 

diffraction data can be collected using either transmission or reflection geometry. Both 

methods yield the same data. The reflection mode is used usually for solid sample while 

transmission mode is used for the liquid sample.  

 X-ray diffraction is based on constructive interference of monochromatic X-rays 

from a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to 

produce monochromatic radiation, collimated to concentrate and directed toward the 

sample. The interaction of the incident rays with the sample produces constructive 

interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ=2d sin θ). 

This law relates the wavelength of electromagnetic radiation () to the diffraction angle 

() and the lattice spacing (d) in a crystalline sample. These diffracted X-rays are then 

detected, processed and counted. By scanning the sample through a range of 2θangles, all 

possible diffraction directions of the lattice attain due to the random orientation of the 

powdered material. Scanning of the sample with the diffraction angle is done with the 

goniometer. It is a mechanical assembly that makes up the sample holder, the detector 

arm and associated gear. In a conventional X-ray diffractometer, -2 (Bragg-Brenatano) 

goniometer is used. Here the X-ray tube is stationary, the sample moves by the angle  

and the detector simultaneously moves by the angle 2.  Angle conversion of the 



Chapter 2: Methods and Materials 38 
  

diffraction peaks to d-spacings allows identification of the material because each material 

has a set of unique d-spacings. The peak position and the relative intensity of the lines are 

indicative of a particular phase and material thus providing “fingerprint” for comparison 

[5].  

 A qualitative phase analysis of unknown sample was carried out by matching the 

XRD pattern with a library of standard. Limitations of the technique are that only 

crystalline materials can be characterized and the detection limit is 2wt% of the sample.   

 Glancing angle XRD (M/S STOE, Germany make X-ray θ–θ mode) was used 

with Cu Kα (8.047 KeV) as the incident X-ray source. Specimens from the antimony 

deposition and inhibition were characterized for finding new phases. Some of the powder 

samples were extracted from the loosely bound specimens by ultrasonic treatment. 

 

2.4.5 Scanning Electron Microscopy (SEM) 

 SEM is an electron microscopic method for high-resolution imaging of surfaces. 

SEM is similar to light microscope but uses electrons instead of visible light. It gives a 

much higher magnification (>100,000X) and greater depth of field up to 100 times 

compared to light microscopy [6].  

 The high energy incident electrons interact elastically and in-elastically with the 

sample’s surface and near-surface material and produce various types of electrons and X-

rays. SEM uses secondary electrons (SE) and backscattered electrons (BSE) for imaging. 

SE is lower-energy electrons emitted resulting from inelastic scattering. The SE can be 

formed by collisions with the nucleus where substantial energy loss occurs or by the 

ejection of loosely bound electrons from the sample atoms. The energy of secondary 

electrons is typically 50 eV or less. Similarly, BSE is beam electrons or primary electrons 

that are reflected from the sample by elastic scattering. Composition related information 
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is obtained from an energy dispersive x-ray emitted from the sample bombarded with a 

high energy electron and the technique called energy dispersive spectroscopy (EDS). 

 

2.4.5.1 Instrumentation 

 A schematic diagram of an SEM is shown in Fig. 2.4. In SEM, electron gun is 

used to produce a high energy electron beam situated as column above the sample 

chamber. Electron gun produces electrons by a thermal emission source, such as a heated 

LaB6 filament, or by a field emission cathode. A series of electromagnetic lenses is used 

in SEM to focus the electrons into a small beam as small as about 10 Å. The focused 

beam is directed and positioned onto the sample surface with the help of scanning coils 

near the end of the column. The beam can also be focused at a single point or scanned 

along a line for x-ray analysis for composition analysis.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.4: Schematic of an SEM instrument. 
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 Two electron detector types are predominantly used for SEM imaging. Scintillator 

type detectors (Everhart-Thornley) are used for secondary electron imaging. Detectors for 

backscattered electrons can be scintillator types or a solid-state detector. 

 The SEM column and sample chamber are maintained at a moderate vacuum to 

allow the electrons to travel collision free from the electron beam source to the sample 

and then to the detectors. High-resolution imaging is done by the chamber at higher 

vacuum in the range of 10-5 to 10-7 Torr. Imaging of nonconductive, volatile, and 

vacuum-sensitive samples can be performed at higher pressures. 

 

2.4.5.2 Image Formation and Magnification 

 Image formation of surface was carried out by the scanning of the electron beam 

in a raster pattern. The interaction of high energy electron that emits electrons is detected 

for each position in the scanned area by an electron detector. The intensity of the emitted 

electron signal is displayed as brightness on a computer monitor. By synchronizing the 

scan of the incident electron beam with computer monitor scan, the computer monitor 

displays the morphology of the sample surface area scanned by the beam. Magnification 

of the computer monitor image is the ratio of the image display size of the sample to the  

area scanned by the electron beam [7]. 

 The SEM from CAMSCAN model 3200 was used for high-resolution imaging of 

our exposed CS surfaces. The quantitative elemental information on the surfaces were 

carried out with EDS made from OXFORD model INCA. 

 

2.4.6 X-ray Photoelectron Spectroscopy (XPS) 

 XPS is a spectroscopy of photoelectrons generated from atom due to X-ray hitting 

the materials and these photoelectrons provide both elemental and chemical information 
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from all kinds of solid material. XPS is a surface sensitive technique due to inelastic 

scattering losses of photoelectrons as a result only photoelectrons from top few atomic 

layers are detected. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5: Schematic of an XPS instrument. 
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with an electron spectrometer then the binding energy (Be) of the atomic orbital from 

which the electron originates can be calculated by means of the equation 

 Be= h –Ke–  …….(2.3) 

 In this equation,  is the work function of the spectrometer. The work function is 

the minimum amount of energy an individual electron needs to escape from the surface 
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and detected by the spectrometer. The typical value of the spectrometer work function is 

around 4.5 eV. 

 Each element produces a unique set of electrons with specific energies. An XPS 

spectrum is obtained by measuring the number of these electrons as a function of binding 

(or kinetic) energy. With the exception of H and He, all elements can be detected. 

 

2.4.6.2 Instrumentation 

 Like any optical spectroscopic instrument electron spectrometers are also made up 

of various components and these are a Source, a sample holder, an analyzer, a detector, 

signal processor and readout.  Figure 2.5 shows a typical arrangement of these 

components. Electron spectrometer works under the ultra high vacuum in the range of 10-

10Torr.  

 

Vacuum and Vacuum pumps 

 In XPS equipment vacuum is required to avoid loss of energy of photoelectrons 

due to scattering by gas molecules and also to avoid surface contamination due to 

adsorption of gas molecules from the measurement chamber during the course of the 

experiment. In XPS, ultra high vacuum (UHV) lower than 10-9 Torr is maintained by 

vacuum pumps. The transition of the vacuum from atmospheric pressure to UHV is 

beyond the pumping characteristics of any single pump. Hence, two or more different 

pumps are needed to achieve the required vacuum. The most common pumps used for 

preliminary pumping are rotary pumps and turbomolecular pumps. The ion pumps are 

used to reach UHV level with auxiliary titanium sublimation pumps.  

 As XPS works under UHV, the materials used for construction must not degas 

under UHV. Most of UHV vessels are stainless steel while in places where there is 
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magnetic screening requirement mu-metal is used instead of stainless material. The 

othere metals and material for small-scale fabrication in UHV viz. sample mounts, 

sample heating, electrical connections, seals etc. are copper, nickel, platinum, 

molybdenum, tantalum, tungsten and borosilicate glass [8].  

 

Source 

 Soft X-ray tube is used as a source in table top XPS. The energy of x-ray and full 

width half maxima (FWHM) must be optimized to cover the whole range of elements and 

their chemical information. Al and Mg K is mostly being used as a source. Al k x-ray 

energy is 1486.6 eV and FWHM is 0.85 eV while for Mg k x-ray energy is 1253.6 eV 

and FWHM is 0.75eV. 

 Synchrotron source gives the continuous tunable x-ray source of high intensity of 

all the required energies. In principle synchrotron can produce high photo-ionization 

cross-section of all core levels. 

 

Analyzer 

 Most photoelectron spectrometers use hemispherical type electron analyzer. In 

hemispherical analyzer electron beam is deflected by an electrostatic magnetic field, 

which is generated in between the two hemispherical plates. The deflection of electron 

beam follows the curved path and the radius of curvature depends on the kinetic energy 

of electron and the magnitude of an electrostatic field. Scanning of various kinetic energy 

electrons is carried out by focusing them at the detector by varying the field strength. The 

analyzer is maintained at or below 10-5 Torr pressure [9]. 
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Transducer 

 Channel electron multipliers (CEM) are used as transducers in electron 

spectrometer which consist of glass tube that have been doped with lead or vanadium. In 

CEM several kilovolts potential is applied across the end as a result of which a single 

incident electron multiplies into 106 to 108 electrons and generates a pulse. The pulses are 

counted electronically. 

 

2.4.6.3 Information from XPS Peaks 

 Electron spectroscopy for chemical analysis provides qualitative and quantitative 

information about the elemental composition and oxidation states of elements of solid 

surfaces. It also often provides useful structural information [8]. A low resolution, wide-

scan of XPS spectra gives the elemental composition of samples. A high resolution scan 

peaks provide information about the chemical shift, Valence band structure, and Auger 

chemical shifts etc. 

 

Photo-Electron Chemical Shift 

 The peak position of a photo electron (BE) is found to change with the variation 

in the chemical environment of the atom. The variation may be in the number of valence 

electrons and the type of bonds they form that influence the binding energies of core 

electrons. The change in the valence electrons (oxidation state) can be observed in terms 

of change in the binding energy. Usually more positive oxidation state gives higher 

binding energy due to more attraction of core electrons through the nucleus of an atom.  
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Auger Chemical Shift 

 Auger peaks also shift with changes in the chemical environment similar to 

photoelectron chemical shift. The magnitude of the Auger chemical shift is often 

significantly greater than that of the photo-electron chemical shift. The difference in 

Auger and photo-electron chemical shifts is due to the difference in final-state relaxation 

energies between chemical states. It is defined as a modified Auger parameter () as 

follows: 

  = E(KKL) + EB(K) …….(2.4) 

 Where E(KKL) is the kinetic energy of the most intense Auger peak and EB(K) is 

the binding energy of the most intense photo-electron peak. The value of Auger 

parameter is useful for characterizing the charging samples or in identifying the chemical 

states where chemical shift is very low (below resolution limit). 

 

Valence Band Structure 

 Valence levels are low binding energy (0-20 eV) electrons occupied levels and are 

involved in de-localized or in bonding orbitals. The spectrum in this region consists of 

many closely spaced levels giving rise to a band structure. The spectrum gives the 

information about the electronic structure of materials and in checking the accuracy of 

band structure calculations.  

 XPS (Model VG ESCALAB MK200X) was used with Al kα as an X-ray source 

and 150 mm hemispherical analyzers at 20 eV pass energy was used for collecting the 

photoelectrons. The instrument was calibrated with Au 4f7/2 line at 84.0 eV with 1.6 

FWHM [10]. Carbon 1s peak at 285.1eV was used as an internal standard for charge 

correction in the case of insulating samples. The data acquisition and deconvolutions of 

the spectra were carried out using dedicated software ‘Eclipse V2.1’ supplied along with 
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the instrument. The component spectra were fitted with a Gaussian-Lorentzian peak 

functions on a Shirley background. 

 

2.4.7 Fourier Transform-Infrared Spectroscopy 

 Fourier Transform-Infrared Spectroscopy (FTIR) is a powerful technique to 

identify types of chemical bonds of organic/inorganic materials. The technique measures 

the absorption of infrared radiation (IR) by the sample material versus wavelength. 

Absorption of infrared radiation in the material usually excites molecules into a higher 

vibrational state. The wavelength of absorbed IR is a function of the energy difference 

between the at-rest and excited vibrational states of the particular molecules. Adsorption 

bands in the range of 4000-1500 wavenumbers (cm-1) typically belong to functional 

groups viz. –OH, C=O, N-H, CH3 etc. 

 The FTIR spectrometer uses an interferometer to modulate the wavelength from a 

broadband IR source. A detector is used to measure the intensity of transmitted or 

reflected light as a function of its wavelength. The detector provides signal in the form of 

the interferogram, which is transformed into a single-beam infrared spectrum by applying 

Fourier transforms. The FTIR spectra usually plotted as intensity versus wavenumber (in 

cm-1). Wavenumber is reciprocal of the wavelength. The intensity of FTIR spectra can be 

the percentage of light transmittance or absorbance [11].  

 Infrared spectra of magnetite powder after different treatment were recorded by 

using a BOMEM MB-100 FTIR spectrometer with a spectral resolution of 1 cm-1. 

 

2.4.8  Electrochemical Techniques 

 Corrosion is an electrochemical oxidation (anodic) and a reduction (cathodic) 

process. The anodic reaction is as follows 
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 Fe Fe2+ + 2e- ……. (2.5) 

Several cathodic reactions are possible depending on the reducible species present 

in the solution which are as follows [12]: 

 O2 +2H2O +4e- 4OH-  .......(2.6) 

 O2 + 4H+ + 4e- 2H2O  .......(2.7) 

 2H+ + 2e- H2 ……. (2.8)  

 At equilibrium, both oxidation and reduction rates are equal giving rise to a zero 

net current and the corresponding potential and current represents the ‘corrosion potential 

(Ecorr)’/‘open circuit potential (OCP)’ and ‘corrosion current (Icorr)’ respectively. The 

corrosion rate (milli inches per year) can be calculated by the following equation:  

 Corrosion Rate (mpy) = (0.13 x Icorrx E.W.) / (A x D) ……. (2.9) 

Where:  

 E.W. = equivalent weight (in g/equiv.) 

 A  = area (in cm2) 

 D = density (in g/cm3) 

 0.13  = metric and time conversion factor 

 Icorr at Ecorr can be determined by polarizing the specimen away from its 

equilibrium by imposing a potential other than Ecorr in a systematic manner and 

measuring the resulting current. When the applied potential is positive (with reference to 

Ecorr), it is anodically polarized while negative potential signifies cathodic polarization. 

The degree of polarization is a measure of anodic and cathodic reaction rates retarded by 

various environmental and/or surface processes. Passivation, pitting or other slow 

processes can be accelerated by applying a potential to the specimen. 
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2.4.8.1 Tafel Plot 

 A Tafel plot is a curve of applied potential vs. logarithm of current density 

generated by stepwise increases in potential (0.1 mV/Sec) about 250 mV anodically and 

cathodically from the corrosion potential as shown in Fig.2.6 [12]. The corrosion current 

(Icorr) can be calculated directly by the intersection of extrapolated linear Tafel region at 

Ecorr. Tafel constants are calculated by measuring the slope of these extrapolated lines. 

Anodic linear region gives anodic Tafel constant (a) and cathodic linear region gives the 

cathodic tafel constant (c).  

 

 

 

 

  

 

 

Fig. 2.6: A typical Tafel plot. 
 

 

 

 

 

 

 

 

Fig. 2.7: A typical potentiodynamic anodic polarization plot. 
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2.4.8.2  Potentiodynamic Anodic Polarization (PDAP) 

 This technique is used to find out the active/passive characteristic of a given 

metal-solution system [12, 13]. The specimen is scanned in the positive potential from 

Ecorr and the current is measured. The plot showing different regions is shown in Fig. 2.7. 

 In active region metal loss by dissolution increases rapidly with increase in 

potential, in passive region corrosion rate is negligible and in transpassive region the 

corrosion again increases due to the oxidative dissolution of passive films. Passive region 

current density and transpassive region's potential give information about the degree of 

passivation and the stability of passive films. Lower current density in the passive region 

indicates a higher degree of passivation and higher transpassive potential means greater 

stability of the passive film. The anodic current required to transform active to passive 

behavior is known as critical current density (icc) and corresponding potential is called 

primary passivation potential (Epp). 

 

2.4.8.3  Electrochemical Impedance Spectroscopy (EIS) 

 EIS provide information on electrochemical mechanisms, reaction kinetics and 

detection of localized corrosion of the system. In the EIS, a small amplitude ac sine wave 

signal (10 mV) is applied to the system and hence it is a non-destructive method [14]. EIS 

consists of response of the electrochemical processes taking place at the interface 

between the electrode and the solution to the voltage and frequency perturbations. 

Nyquist plot is a curve of real and imaginary components of impedance at a number of 

frequencies to describe the electrochemical system. The equivalent circuit representing 

various resistances, impedances corresponding to the electrochemical processes is 

mathematically fitted to the frequency response data. The Rp2 [15] value of the 

metal/solution interface is taken and compared with the corrosion rate from Tafel plot. 



Chapter 2: Methods and Materials 50 
  

The resistance depends on the ionic concentration, type of ions, temperature and the 

geometry of the area in which the current is carried.  

 

 

 

 

 

 

 

Fig. 2.8: A typical test cell used for corrosion measurements. 
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electrode, saturated calomel electrode through a luggin capillary as reference electrode 

and the metal specimen (CS) as a working electrode. The experiments were performed 

with test solutions containing organic acid, antimony and inhibitors at 85oC in deaerated 
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lines or from that of Ecorr with the suitable Tafel line. The magnitude of the corrosion 
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current was taken to be representative of the corrosion resistance of the composite 

material. Impedance spectra for different samples were recorded at OCP by applying a 

sinusoidal voltage of ± 10mV in the frequency range of 104– 0.005Hz.  
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Chapter 3 

STUDIES ON ANTIMONY DISSOLUTION IN ORGANIC ACIDS AND ITS 

DEPOSITION ON CARBON STEEL AND MAGNETITE SURFACES 

 

3.1 Introduction 

 During the full PHT system chemical decontamination in PHWRs, occasionally 

very low decontamination factors (DFs) were achieved. The cause of low DF in some 

PHWRs was attributed to mobilization of activated antimony (122,124Sb) isotopes from the 

core and their deposition on the out-of-core surfaces during chemical decontamination. In 

order to inhibit the antimony problem during chemical decontamination, the dissolution 

and deposition behavior of antimony in Nitrilo Tri Acetic Acid (NTA) based chemical 

decontamination formulations were studied.  

 

3.2 Dissolution Behavior of Antimony 

 Antimony belongs to group (V) elements in the periodic table and is classified as 

a metalloid. Hence, it exhibits properties that are different from transition elements. It 

exhibits multivalency (0, +3 and +5) and it’s dissolved species in aqueous medium (> pH 

2.5) is anionic in nature. Under the reducing condition prevailing in the primary coolant 

system of pressurized heavy water reactors (PHWRs), inactive antimony is deposited on 

the core zircaloy surface and become radioactive through neutron activation. The exact 

valence state of antimony on core zircaloy surfaces is not known though the high 

temperature (300oC) Pourbaix diagram [1] of antimony indicated the existence of 

antimony in 3+ state. During the chemical decontamination process, antimony is released 
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into the decontamination formulation which is transported to other parts of the PHT 

system. Hence, the dissolution of different antimony species was carried out under 

chemical decontamination conditions to find the possible valence state of Sb released 

during chemical decontamination. The soluble antimony species were used for 

subsequent deposition studies. The dissolution behavior of antimony in elemental form 

and antimony in oxide / compound forms viz. Sb2O3, antimonates was studied in NAC 

media at 85oC and under reducing conditions. Dissolution experiment for Sb2O3 showed 

complete dissolution of the oxide within 1 hour (Fig. 3.1). The Fig. 3.1 indicates that 

Sb(III) can be dissolved even in mild organic acids under reducing conditions. Further 

studies indicated that Sb(V) as a potassium antimonate hexahydroxide is highly soluble in 

the acid media (Fig. 3.2) in fact first sampling (at 15 minutes) itself completely dissolved. 

However, Sb in its elemental form could not be dissolved in simple acid media; it 

required the presence of an oxidizing agent such as dissolved oxygen to bring the 

antimony into solution as shown in Fig. 3.3.  
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Fig. 3.1: Dissolution kinetics of Sb(III) (antimony trioxide) in NAC formulation at 
 85oC. 



Chapter 3: Studies On Antimony Dissolution In Organic Acid And Deposition… 55 

 

0

20

40

60

80

100

0 1 2 3 4 5

Time (hrs)

S
b

 (
%

)

 

Fig. 3.2: Dissolution kinetics of Sb(V) (potassium antimonate hexahydroxide)  in NAC 
 formulation at 85oC. 
 

  

 

 

 

 

 

 

Fig. 3.3: Dissolution kinetics of Sb metal under reducing and oxidizing condition in 
 NAC formulation at 85oC. 
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and Sb(V) in the formulation under chemical decontamination condition, thus further 

studies were carried out with these soluble species.  

 

 

 

 

 

 

 

 

 
Fig. 3.4: UV-Vis absorption spectra of (a) Pure Sb(III), (b) Sb(III) exposed for 2 hours 
 under reducing conditions, and (c) Sb(III) exposed for 24 hours under 
 reducing conditions. 
 

 

 

 

 

 

 

 

 

 

Fig. 3.5: UV-Vis absorption spectra of (a) Pure Sb(V) and (b) Sb(V) exposed for 24 
 hours under reducing conditions. 
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3.3 Stable Speciation of Sb in Chemical Decontamination Solution 

 It is observed from dissolution studies that Sb(III) and Sb(V) are soluble species 

under chemical decontamination condition. It is necessary to know the stability of these 

species in the decontamination condition. Under oxidizing to slightly reducing 

conditions, the hydrolytic species Sb(OH)6
- [Sb(V)] is the dominant antimony aqueous 

species for pH values greater than approximately 2.5. While at moderately reducing 

conditions, the speciation is dominated by the Sb(OH)3
o [Sb(III)] at pH values from 2 to 

12 [2].   

 Stability of Sb(III) and Sb(V) under chemical decontamination (pH 2.7) was 

verified by the UV - spectrometer. In this method, Pyrogalol red was used as a 

complexing agent for Sb species at pH 2.0 maintained with HCl-KCl buffer [3]. The Sb 

solution in association with the complexant showed a peak at 540nm with Sb(III) and at 

505nm with Sb(V) as shown in Fig. 3.4(a) and 3.5(a) respectively. These two peaks are 

taken as the standards for Sb(III) and Sb(V) respectively. Here, concentration of pure 

Sb(III) and Sb(V) were different compared to exposed samples thus the intensities were 

different. The peak positions are indicated by the dashed lines in these figures. Sb(III) 

and Sb(V) were separately exposed for 24 hours under chemical decontamination 

medium that is in acidic and reducing condition at 85oC. UV- spectrum for both cases 

Sb(III) and Sb(V) are shown in Fig 3.4(c) and Fig. 3.5(b) respectively. A. Abbaspour and 

M. Najafi observed max for Sb(V) and Sb(III) at 500nm and 550nm respectively [3]. 

Both Sb(III) and Sb(V) did not change their oxidation states. The observed metastability 

of Sb(V) and Sb(III) in chemical decontamination medium, might be due to slow rates of 
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redox reactions [2]. Thus, antimony deposition studies were carried out in these oxidation 

states only. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.3.6: Sb(V)deposition behavior on the carbon steel surface area in NAC 
 formulation at 85oC A. Sb in solution (a) 11cm2, (b) 33cm2 CS surface area B. 
 Fe dissolution (a) 11cm2, (b) 33cm2 CS surface area. 
 

3.4 Deposition Behavior of Antimony 

 Antimony radioactivity was observed dominantly on Fe3O4 coated carbon steel 

(CS) during chemical decontamination [4, 5]. As Sb(III) and Sb(V) are the possible 

oxidation states in the formulation under chemical decontamination, their deposition 

behavior was studied. During the process of deposition of antimony, dissolution of ferrite 
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oxide / (carbon steel) metal also takes place due to the presence of acidic organic 

formulation and high temperature. Hence, in all deposition experiments, iron 

concentration was also measured along with Sb concentration for better understanding of 

the process.  

  

3.4.1  Deposition Behavior of Sb(V) on Carbon Steel Surface 

 Antimony(V) deposition experiments were performed with potassium 

antimonates in NAC formulation on the CS surface at 85oC. Antimony(V) concentration 

was not reduced in the solution. Even with the variation in the CS surface area (Fig. 3.6) 

and in Sb(V) concentration (Fig. 3.7), there was no reduction in the Sb(V) concentration. 

The deposition experiments indicated Sb(V) has poor ability to deposit on the CS surface. 

Even though there was Fe dissolution and release it did not reduce Sb(V) and/or promote 

it’s deposition.    

  

 

 

 

 

 

 

 

Fig. 3.7: Sb(V) deposition behavior on the carbon steel surface with variation in Sb 
 concentration (a) 5ppm, (b) 20ppm in NAC formulation at 85oC. 
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Fig. 3.8: Sb(III) deposition behavior on the carbon steel surface area (a) 11cm2, (b) 
 33cm2  in NAC formulation at 85oC. 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9: Sb(III) deposition kinetics on carbon steel surface area 11cm2 in the NAC 
 formulation at 85oC. 
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3.4.2 Sb(III) Deposition Studies on Carbon Steel Surface  

3.4.2.1 Deposition Behavior of Sb(III) on Carbon Steel Surface 

 Antimony(III) depostion experiments were performed with Sb2O3 in NAC 

formulation on the CS surface at 85oC. Deposition of Sb(III) on CS was observed from 

the solution analysis as shown in Fig. 3.8. The deposition rate was increased with the 

increase in the surface area of CS (Fig. 3.8). A logarithmic plot of concentration of Sb in 

solution with time for 5ppm Sb(III) and on 11cm2 polished CS surface, showed the 

deposition of Sb(III) followed first order reaction kinetics with Sb(III) concentration as 

shown in Fig. 3.9. 

 The effect of variation of Sb(III) concentration on its deposition was also carried 

out as shown in Fig. 3.10. Antimony(III) deposition was slightly faster for 20 ppm Sb(III) 

in solution compared to 5 ppm (Fig. 3.10A). Iron dissolution from CS surface was more 

for 20ppm compared to 5ppm Sb(III) in solution and  upto 4 hours of experiments iron 

dissolution rate was 34ppm/h. with 20ppm of Sb(III) while 27ppm/h. with 5ppm of 

Sb(III). However Fe dissolution rate reduced with time due to Fe2+ ion build up in 

solution and reduction in acidity of the medium from pH 2.7 to 5.5. Some oxyanions viz. 

chromite, molybdate etc. shows inhibition on iron dissolution from the steel surface in 

acid solution [6]. As Sb(III) is also an oxyanion in aqueous solution, some inhibition was 

expected. However, the result was contrary to the expectation namely there was enhanced 

corrosion of CS with an increase in Sb(III) concentration. This observation is directly 

related to the deposition mechanism of Sb in an acid medium and is explained later. 
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Fig. 3.10: Effect of Sb(III) concentration variation on A. Sb(III) deposition behavior on 
 carbon steel surface (a) 5ppm, (b) 20 ppm; B. Iron dissolution behavior (a) 
 5ppm, (b) 20 ppm 
 

 In an iron pre-saturated system also, Sb(III) deposition behavior was studied as 

shown in Fig. 3.11. In this experiment, iron saturation was achieved by dipping similar 

surface area of CS in the formulation for around 18 hours prior to start the deposition 

experiment. Although the saturation deposition amount was almost same for both cases, 

Sb(III) deposition was observed at a slower rate compared to the fresh one NAC 
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formulation (Fig. 3.11A). Slight iron dissolution was also observed even in iron saturated 

case (Fig. 3.11B). It appears Sb(III) deposition promotes iron dissolution.   

 

 

 

 

 
 
 
 

  

 

 

 

 

 

 

 
Fig. 3.11: Effect of iron saturation system A. Sb(III) deposition behavior on the CS 
 surface (a) Fresh NAC formulation, (b) Fe Saturated NAC formulation; B. 
 Iron dissolution behavior (a) Fresh NAC formulation, (b) Fe Saturated NAC 
 formulation.  
 

 The above observation of more iron dissolution with Sb deposition suggests that 
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contrary, it promotes the iron dissolution. There is need for understanding the mechanism 

of Sb(III) deposition on the CS surface to prevent its deposition on CS surface. 

 

3.4.2.2  Characterization of Deposited Material on Carbon Steel Surface  

 CS coupons exposed to Sb(III) containing NAC solution were characterized by 

SEM, XRD and XPS to understand the Sb(III) deposition mechanism on its surface. 

Exposed CS coupons, named as Sb-CS, were observed to hold loosely bound particles on 

its surface. An ultrasonic treatment was used for removing these loosely bound adsorbed 

particulates from the surface. Thus, it helps to distinguish between loosely 

deposited/precipitated substance and the adherent layer that is chemically bound to the 

surface. Here, loosely adhered layer abbreviated as ‘LAL’ and the surface layer on CS 

left after the ultrasonic treatment is termed as ‘Inner Layer’ and abbreviated as ‘IL’ .  

 It was presumed that the characterization of LAL would depict the information 

about the deposited layer and the IL would give the information about the initial 

interaction of Sb with CS surface. It was observed that ultrasonic treatment detached the 

LAL completely from the CS surface. In Fig. 3.12, the SEM pictures of CS sample 

exposed to a solution containing Sb(III) before and after ultrasonic cleaning are given. 

Loosely bound deposited material was found to be present on the surface as seen from 

SEM picture in Fig. 3.12(a) and was found to be removed in ultrasonically cleaned 

sample shown in Fig. 3.12(b). EDX of loosely bound deposited material on CS sample 

showed around 9% Sb and the remaining was Fe. On the contrary, the EDX of 

ultrasonically cleaned CS sample showed the presence of only Fe. The observation 

supports the presumption that the ultrasonic cleaning method can be used to separate the 
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two layers from the CS surface. It further confirms that Sb deposition occurs on the 

loosely bound iron oxide layer only and does not have access through the pores to the 

inner layer over carbon steel. When plain CS is exposed to NAC formulation for Sb and 

subjected to the ultrasonic cleaning it resolved in IL and LAL. Upon analysis of LAL it 

showed the presence of only Fe as Fe hydrous oxide. IL is also hydrous oxide in native 

but was more tenacious. This layer reflects the primary interaction of Fe2+ with locally 

exchanged OH- concentration (because H+ is reduced to H2 on surface). 

 

 

 

 

 

 

Fig. 3.12: SEM picture of carbon steel coupons exposed to organic acid and 10 ppm 
 Sb at 85oC under reducing condition; (a) before ultrasonic cleaning and (b) 
 after ultrasonic cleaning. 
 

3.4.2.2a  XPS Analysis of Sb-Deposited Samples 

 As a reference sample for XPS analysis, a polished CS coupon was treated in 

NAC formulation (containing no Sb) under de-aerated condition at 85oC. The powder 

materials deposited on CS sample was taken for XPS analysis. Fe 2p photoelectron peaks 

(Fig. 3.13(a)) from the powder material showed a small amount of elemental Fe along 

with the presence of Fe3+/Fe2+ peak at 710.5 eV [7]. 
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 The Sb(III) adsorbed CS coupon was prepared by exposing the coupon in NAC 

with Sb(III) solution for 12 hours. LAL powder from this sample was taken for XPS 

analysis. It is known that the interaction of organic acid with CS surface forms H2 and 

ferrous compound. The evolution of hydrogen from CS surface increased the availability 

of OH- ions near the surface which promoted the formation of a Fe-hydroxide layer on 

CS surface. Fe 2p binding energy showed that Fe was in Fe2+ and Fe3+ which was 

difficult to resolve by XPS technique due to the spectrum background and overlap of 

satellite peaks. The Feo signal in the Fe2p spectrum (Fig. 3.13(b)) was assumed to be due 

to iron particles detached from the CS surface during ultrasonic removal of the deposits. 

Fe 2p peak recorded from the LAL sample was also seen to contain Feo along with 

Fe2+and Fe3+ states (Fig. 3.13(b)). 
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Fig. 3.13: Fe 2p X-ray photoelectron spectra recorded from (a) powder deposited on 
 carbon steel in the absence of Sb(III) in solution and (b) in the presence of 
 Sb(III) in solution (sample LAL). 
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Fig. 3.14: X-ray photoelectron spectra of Sb 3d peak recorded from (a) Sb–metal, (b) 
 Sb2O5, (c) Sb2O3 and (d) Sb-CS specimen. 

 

 In addition to the Fe 2p peak analysis, it is important to analyze photoelectron 

peaks from antimony in the samples for a complete understanding of the mechanism. 

Antimony 3d photoelectron spectrum which is the most sensitive XPS spectrum from Sb 

was recorded for XPS analysis. In Fig. 3.14, the XPS of Sb 3d levels obtained from 

different specimens along with the standard samples are shown. In Fig. 3.14(a) showed 

the photoelectron spectrum from elemental Sb containing native oxide. The Sb 3d5/2 

peaks at 527.8 eV and 3d3/2 at 536.9 eV were well matched with pure antimony [8]. Other 

two peaks at higher energy (Fig. 3.14(a)) were associated with the native oxide of 

antimony. The XPS peaks of Sb 3d5/2 and 3d3/2 from standard Sb(III) and Sb(V) are 

shown in Fig. 3.14(b) and 3.14(c) with binding energy values 529.8 eV and 539.2 eV. It 
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was evident from the figures that though the photoelectron peaks of elemental Sb and 

oxidized Sb was well resolved, there was almost no difference in the peak binding energy 

between Sb2O5 and Sb2O3. XPS analysis of Sb 3d3/2 peak of LAL (Fig. 3.14(d)) showed 

the presence of oxidized Sb (III or V or both) along with a small quantity of elemental Sb 

(arrow in Fig. 3.14).  

 Analysis of the Sb 3d photoelectron spectrum is not straightforward due to two 

reasons. Firstly, the O1s (around 530 eV) spectrum overlaps with the Sb 3d5/2 spectrum 

which is the most intense photoelectron peak from Sb. Secondly, the chemical shift of 

Sb(III) and Sb(V) is almost same and difficult to resolve through normal XPS instrument. 

An attempt was made to measure the Auger parameters from the standards of Sb(III) and 

Sb(V), but even then the difference was not sufficient to identify the chemical states. 

 Near Fermi level spectrum (valence band spectrum) was taken to identify the 

chemical state of Sb deposited on CS. In Fig. 3.15, the valence band spectra of the sample 

and the standards were presented. It was observed that valance band spectra of Sb(V) and 

Sb(III) were different [9,10]. The valence band photoelectron spectrum of Sb2O3 (Fig. 

3.15(b) with circles) showed peaks at around 4.0 eV, 8.0 eV and 12.0 eV which were 

matched with the literature value [9,10]. The peaks at 4.0 eV and 12.0 eV, had 

contributed from the lone pair electrons (5s) in Sb2O3 and hence were characteristic of 

Sb(III) chemical state. Another peak of Sb(III) compound at around 8.0eV was a result of 

hybridization of O-2p with 5p/5s electrons of Sb.  

 While in the case of Sb(V) system, lone pair electrons in 5s were not available 

due to complete removal of these electrons in the oxidation process. As a result, the peaks 

associated with 5s electrons (marked in Fig. 3.15(b)) were decreased in Sb2O5. Indium 
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foil was used for fixing some powder samples before taking XPS spectra. The peak 

observed at 12eV (3.15 d) was attributable to In 4d3/2 and is due to the use of indium foil. 

In case of Sb2O5 the hybridization band was observed at around 6 eV [10]. So the peak at 

around 4 eV was observed to be very sensitive to oxidation and can be considered 

important for identifying the chemical state of Sb. For further confirmation pure Sb2O3 

was oxidized and the valence band spectrum was recorded. In Fig. 3.15(c), the peak at 4 

eV decreased indicating oxidation of Sb(III) to Sb(V). In Fig. 3.15(a), the valence band 

spectrum from Sb-CS sample was shown where a distinct peak was observed at around 

4.0 eV. This confirmed the presence of Sb(III) in the deposited materials (LAL) on the 

CS surface. The spectrum (Fig. 3.15(a)) contained a shoulder near the Fermi level which 

showed the presence of elemental Sb or elemental Fe in the sample (LAL). A continuum 

background in the range of around 6-7 eV (Fig. 3.15(a)) was observed in the Sb deposited 

CS sample which was due to the presence of the Fe 3d-O2p hybridization band [11] from 

other Fe-oxides in the sample. 

 

 

 

 

 

 

 

 
 
Fig. 3.15: X-ray photoelectron valence band spectra recorded from (a) Sb-CS, (b) Sb2O3, 
 (c) Sb2O3 -oxidized (d) Sb2O5. 
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Table-3.1: Quantification of Sb, Fe and O in the samples from photoelectron spectra. 

Sample Fe (at %) Sb (at %) O (at %) Formula obtained 

Sb-CS 13 25 62 FeSb1.9O4.8 

LAL 12.5 23.5 64 FeSb1.9O5.1 

 

3.4.2.2b Identification of Sb-Fe-O Compound 

 The XPS characterization of the LAL and the Sb-CS samples showed the 

presence of Fe in 2+ and 3+ states and Sb was in 3+ states along with a small amount of 

elemental Sb and Fe. The quantification of these elements in the powder was done with 

the photoelectron peak area of these elements and the corresponding sensitivity values 

[12]. The peak area for Sb 3d5/2 peak was found overlapping with O1s peak which 

prohibits getting the peak area of Sb 3d5/2 correctly. Thus, the Sb 3d3/2 peak area was used 

for quantification instead of Sb 3d5/2 peak area [8]. It is to be mentioned here that the area 

of pure elemental peak of Fe and Sb were subtracted while finding the atomic 

concentration of Sb(III) and Fe3+/ Fe2+ in the sample. In Table 1, the atomic concentration 

of the oxide developed on CS surface is presented. It appears from the XPS analysis that 

Fe and Sb form a mixed oxide which is close to the stoichiometric oxide like FeSb2O4. 

However the higher amount of O in the sample might be accounted for by the presence of 

adsorbed oxygen and oxygen associated with Fe in different compounds. 

 

3.4.2.2c XRD Analysis of Sb Adsorbed Carbon Steel Samples  

 XRD analysis of Sb-CS and LAL samples were taken and their XRD patterns 

were presented in Fig. 3.16. The diffraction patterns of LAL sample showed the presence 

of elemental Sb [13] and small amount of FeOOH (Fig. 3.16(a)) [14]. In Fig. 3.16(b), the 

diffraction pattern of Sb-CS sample showed Sbo and Feo which originated from the CS 



Chapter 3: Studies On Antimony Dissolution In Organic Acid And Deposition… 71 

 

substrate. These results were quite different from the XPS observations where Sb was 

observed in 3+ state dominantly.  
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Fig. 3.16: X-ray diffraction patterns obtained from (a) LAL and (b) Sb-CS samples. 
 

 Apparently, there is a possibility for Sb surface oxidation during the transfer of 

the sample in an XPS analysis chamber. But this probability could be ruled out because 

the sample was cooled down to room temperature under reducing conditions and the 

exposure time to atmosphere was around 10 minutes prior to the XPS analysis. It is also 

known that antimony does not react with air at room temperature. So the presence of 

Sb(III) observed in XPS analysis was not the result of any surface oxidation of Sbo. 

Antimony compound detected in XPS analysis might be amorphous, which remained 

undetected by the XRD technique. Another possibility was that the powder was 
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composed of Sbo crystallites as the core and Fe-Sb-O compound as the shells of grains. 

The XPS technique being a surface analytical technique gave dominantly shell 

information while XRD gave the core information. 

 

3.4.2.3 Mechanism of Sb(III) Deposition on Carbon Steel Surface  

 Presence of amorphous FeSb2O4 compound along with Sbo on the CS surface 

indicated that the reaction between Sb(III) and the CS surface is complex under chemical 

decontamination. It appears as if two separate processes are involved in the Sb(III) 

deposition on the CS surface. Figure 3.17 shows the schematic diagram of possible 

Sb(III) deposition mechanism on the CS surface. 

 

 

 

 

 

 

Fig. 3.17: Schematic presentation showing the mechanism of sorption of Sb(III) on the 
 carbon steel surface in NAC solution. 
 

   In one process, Sbo was formed due to red-ox reaction occurring on the CS 

surface under chemical decontamination. From standard reduction potential 

considerations, Sb(III) was expected to be reduced to Sbo by iron metal under acidic 

condition. The anodic reaction was the dissolution of Feo into the solution.  
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The counter cathodic reactions under reducing conditions were, 

 2H+ + 2e-  H2 ……. (3.2) 

 Sb3+ + 3e-  Sbo ……. (3.3)  

In another process Sb(III) adsorbed through surface complexation as Fe-O-Sb and 

subsequently as amorphous FeSb2O4 surface precipitation [15,16]. The diffraction 

analysis of the LAL sample showed the presence of FeOOH in the NAC formulation at 

85oC. This indicated that the –OH functional group was developed on the CS surface in 

NAC solution. It was observed that the surface of FeOOH is positively charged at lower 

pH as its pHZPC is around 7.3 [17]  resulting in a very high adsorption of oxyanions at 

lower pH under the Coulombic attraction [18]. As Sb(III) is an oxyanion, was also 

absorbed on  the CS surface at pH. 2.7 [17]. Antimony(III) species in solution got 

attached on the CS surface through forming a bond with one of the bridging oxygen of 

the functional group (-OH) available on the CS surface. The stability of the adsorbed 

complex was further enhanced by forming a hydrogen bond which created a six member 

ring on the CS surface [17]. This led to the formation of Fe-O-Sb complex and is known 

as the adsorbed complex on the CS surface. In fact, XPS of IL sample showed a small 

amount of only Sb(III) at the interface of the CS surface also supported such Fe-O-Sb 

surface complexation. Attached Sb(III) on CS surface was assumed to be strongly bonded 

complex as a monolayer of Fe-O-Sb complex on CS surface. The monolayer of adsorbed 

Fe-O-Sb complex has further undergone adsorption of Fe ions and Sb(III) available 

around the surface in the decontamination formulation. This process involved the onset of 

formation of the amorphous FeSb2O4 compound as surface precipitation [19].  
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3.4.3  Sb(III) Deposition on Magnetite Surface 

 As CS surface develops Fe3O4 oxide during the normal operation of PHWR 

reactors, Sb(III) adsorption studies were carried on Fe3O4 surface also. Adsorption 

studies were carried out on Fe3O4 powder and Fe3O4 coated CS surface. In the real power 

plant, Sb(III) is exposed to the huge surface area of Fe3O4 under dynamic condition. But 

in laboratory scale, experiments were performed on a limited surface area of Fe3O4 

coated specimens.  Experiments were performed on Fe3O4 powder also where the surface 

area was several times more compared to coated coupons.  

 

3.4.3.1 Sb(III) Adsorption  Behavior on Magnetite Powder 

Antimony adsorption experiments on Fe3O4 powder were performed at ambient 

temperature and at 85oC in NAC formulation. In these experiments Fe3O4 powder surface 

area was more than 6000cm2 (obtained from BET analysis) and volume of the NAC 

formulation was kept at 250 ml in reducing conditions. In an ambient temperature 

experiment, adsorption of Sb(III) was saturated within 30 minutes of exposure (Fig. 

3.18A(a)) and iron dissolution was also saturated (Fig. 3.18B(a)) within the same 

duration. But in 85oC and NAC formulation, though adsorption of Sb(III) was saturated 

within 30 minutes but after ~5 hours of experiment, Sb(III) was released into the solution 

(Fig. 3.18A(a)). Iron dissolution in this experiment occurred at a much faster rate initially 

and saturated at a higher value (Fig. 3.18B(b)).  

Another experiment was also performed at 85oC but in iron saturated NAC 

formulation. The adsorption of Sb in saturated iron environment was achieved by keeping 

14 cm2 CS surface for 18 hours in the NAC formulation at 85oC prior to the addition of 
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Sb(III) and Fe3O4 powder at 85oC. The Sb(III) adsorption kinetics became very slow and 

it took around 15 hours for reaching saturation adsorption on Fe3O4 powder. It was 

observed that there was no desorption of Sb(III) at 85oC as shown in Fig. 3.18A(c). The 

complementary result of Fe dissolution from Fe3O4 did not vary with time throughout the 

experiment as shown in Fig. 3.18B(c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18: Sb(III) adsorption behavior A. (a) NAC formulation at room temperature, (b) 
 NAC formulation at 85oC, (c) NAC formulation with iron saturation at 85oC; 
 Iron dissolution behavior B. (a) NAC formulation at room temperature, (b) 
 NAC formulation at 85oC, (c) NAC formulation with iron saturation at 85oC. 
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Fig. 3.19: FT-IR data about (a) untreated Fe3O4, (b) Tartaric Acid treated Fe3O4, (c) 
 Tartaric Acid and Sb(III) treated Fe3O4. 
 

3.4.3.2 Mechanism of Sb(III) Adsorption on Magnetite Powder 

 An oxide like Fe3O4, in contact with an aqueous solution will hydrate; in other 

words it will acquire –OH functional groups on its surface [20]. The –OH groups can be 

acquired from the atmospheric moisture also. These surface hydroxyl functional groups 

(denoted as S-OH) give FTIR peak at around 3200 cm-1 along with H2O vibration at 

around 3450 cm-1 as shown in Fig. 3.19(a) [21]. Here, FTIR data are shown for 

dissolution of Fe3O4 and deposition of Sb(III) on Fe3O4 in tartaric acid due to 

unavailability of data with NAC formulation. It is presumed that SOH group interaction 

will be independent of the organic acid used for dissolution. Dissolution of Fe3O4 in 

tartaric acid generates new surfaces and retains SOH group on the Fe3O4 surface as 

shown in Fig. 3.19(b). SOH groups become protonized in an acidic solution (SOH + H+ 

 SOH2
+) [22]. These protonized SOH groups attract negatively charged oxyanions viz. 

Sb(III) under the influence of coulombic attraction in acidic solution. The protonized 
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SOH groups make primary surface complex with oxyanions due to condensation or 

deprotonation reactions [23].  As this protonized SOH groups make surface complex with 

oxyanions viz. Sb(III), OH stretch (3200 cm-1) vanishes after Sb adsorption as shown in 

FT-IR plot in Fig. 3.19(c). This indicates that the Sb(III) adsorption occurs via inner-

sphere surface interaction with the formation of Fe-O-Sb [24]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.20: XPS data of Fe3O4 exposed to Citric Acid (a) Sb 3d3/2, (b) Fe 2p, (c) 
 deconvoultion of C 1s, and (d) C1s peak after exposure at room temperature 
 and at 85oC exposed. 
  

 Further surface characterization was carried out using XPS. The XPS analysis of 

Fe3O4 powder was shown in Fig. 3.20 which was exposed to Sb(III) containing citric acid 
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under chemical decontamination conditions. XPS peak of Sb 3d3/2 (Fig. 3.20(a)) showed 

the presence of Sb in +3 states only and no peak related to elemental Sb was seen. Fe2p3/2 

peak was found at 711.0 eV (Fig. 3.20(b)) corresponding to Fe3+ state of iron [25]. As 

elemental Sb was not observed in the XPS spectrum, it was concluded that adsorption 

was not driven by a redox reaction unlike in the case of Sb(III) adsorption on the CS 

surface under similar conditions. As XPS data showed the adsorption of Sb(III), so it 

might be due to the formation of a  surface complex of Fe-O-Sb on Fe3O4 powder in acid 

medium similar to CS case. But, absence of Sbo on the magnetite surface after the 

adsorption indicated the lack of red-ox reaction for surface precipitation in the magnetite 

case. 

 

3.4.3.3 Desorption Mechanism of Adsorbed Sb(III) on Magnetite Powder in NAC 

Formulation  

 Several adsorption studies are available on Fe3O4 in the pH range of 4-10 at 

ambient temperature and pressure where the surface adsorption phenomena are dominant 

[9-11]. But in chemical decontamination, the pH of the solution is 2.7, temperature is 

around 85oC, and presence of organic complexing acids in reducing medium makes the 

system different from the usual adsorption studies. The primary difference is the iron 

dissolution of Fe3O4 is very less in the pH range of 4-10 at ambient temperature while the 

dissolution of Fe3O4 is very fast at lower pH (<4) and at higher temperature affecting the 

adsorption behavior. 

 Dissolution of Fe from Fe3O4 was due to two different mechanisms; (A) Fe2+/Fe3+ 

ions released from the bare surface of Fe3O4 form complexes with chelating ligands (viz. 
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NTA) in solution; simultaneously O2- ions react with H+ in the medium causing further 

leaching of metal ions from the solid, and (B) the chelating species are chemically bound 

to the lattice iron and then the complexes of iron-chelating species are released into 

solution followed by O2- neutralization by H+. Interaction of organic acid with Fe3O4 was 

observed in XPS as shown in Fig. 3.20. Carbon 1s peak acquired from Fe3O4 powder 

exposed in organic acid, showed the presence of COO- at 288.5 eV and or C–OH groups 

at 286.0 eV peaks, shown in Fig. 3.20(c) [26]. Interaction of organic acid with Fe3O4 

increased with temperature as shown in Fig. 3.20(d) where the peak intensity related to 

COOH increased. Out of the two mechanisms, the one that prevails depending on the 

conditions of the system and the nature of the chelating agent [27]. Usually, dissolution 

of oxide occurs predominantly through the mechanism (A) and the mechanism (B) is 

rather less probable due to the difficulties involved in bond breaking under this condition. 

Presence of organic acids on Fe3O4 powder (in XPS analysis) supported the dissolution of 

the Fe3O4 powder with (B) mechanism also. Dissolution of Fe3O4 in the NAC 

formulation at 850C was continued till the equilibrium though the rate of Fe dissolution 

was less after 30 minutes as shown in Fig. 3.18B(b). The solution pH rose from 2.7 to 4.0 

within 30 minutes. This implies that the mechanism (A), that involves H+ ions directly, is 

dominantely present at the beginning of the dissolution process and the reduction in the 

concentration of H+ after 30 minutes induced a shift in mechanism to (B).  

 As soon as Fe3O4 came in contact with NAC formulation, reduction in size and 

increase in surface of Fe3O4 were observed due to Fe dissolution. As SOH groups are on 

surface thus it amplifies due to increase in Fe3O4 surface. This resulted in the reduction in 

size and increase in surface of Fe3O4 powder. Protonation of these SOH groups attracted 
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Sb(III) oxyanions and got adsorbed through the mechanism mentioned above. Due to fast 

dissolution of Fe at RT and 85oC within 30 minutes of experiments (Fig. 3.18B(a)&(b)), 

the new SOH group was generated on the magnetite surface which caused fast adsorption 

of Sb(III) (Fig. 3.18A(a)&(b)). But in the case of iron saturated NAC formulation at 

85oC, further dissolution of iron was not much (Fig. 3.18B(c)). As generation of new 

SOH groups on Fe3O4 surface was less, adsorption of Sb(III) was slow and it took around 

15 hours for complete adsorption in iron saturated case (Fig. 3.18A(c)).    

 

 

 

 

 

 
 
Fig. 3.21:  Schematic diagram of Sb(III) desorption process from magnetite surface. 
 

 Desorption of Sb(III) occurred only for fresh NAC formulation at 85oC 

experiment where Fe release was observed even after 30 minutes although at a slower 

rate. So, the release of Fe from Fe3O4 surface after complete adsorption of Sb(III) played 

a role in the desorption of Sb(III) from Fe3O4 surface. In the presence of NAC 

formulation after ~5 hours, Sb(III) release occurred at 85oC. The released Sb(III) was not 

in the form of oxyanion. It was present as ligand-Fe-O-Sb complex as shown in Fig. 3.21. 

In this complex form adsorption of Sb(III) is not possible on magnetite. 
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3.4.3.4 Interaction of Sb(III) with  NAC Formulation 

 So far we have discussed the interaction of Sb(III) with Fe3O4 surface (i.e. 

adsorption) and interaction of NAC solution with Fe3O4 surface (i.e. dissolution of iron). 

Similarly interaction of Sb(III) with NAC formulation is also possible. NAC formulation 

is a combination of organic acids and these organic acids hold carboxylic and /or  

hydroxyl functional groups. Marie Tella, et. al. [28] explained that in the presence of 

poly-functional carboxylic and hydroxyl-carboxylic acids, Sb(III) forms stable 1:1 and 

1:2 complexes in a wide range of pH of natural water (3<pH<9). The adjacent set of 

functional groups of organic acids is used to form a five-membered bidendate chelate 

with Sb(III). The possibility of complexation of Sb by organic acid keeps Sb(III) in 

solution. The complexation behavior of Sb(III) with organic acids has been discussed in 

detail in chapter V. 

 

 

 

 

 

 

 
Fig. 3.22: Schematic diagram of Sb(III) adsorption on magnetite in organic acids. 
 

3.4.3.5 Overall Interaction of Sb(III) with Magnetite Powder in NAC Formulation 

 As discussed so far, the interaction of Sb(III) with the magnetite surface in NAC 

medium is very complex. A schematic diagram is shown in Fig. 3.22 which presented all 
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possible phenomena that occurs during Fe3O4 dissolution in organic acids in the presence 

of dissolved Sb(III) at 85oC under reducing conditions. The schematic diagram shows the 

occurrence of both mechanisms of Fe3O4 dissolution. In mechanism (A), iron is released 

in the form of Fe2+/Fe3+ into the solution and subsequently forms complexes with 

chelating ligands in solution as indicated in the schematic diagram. In mechanism (B), 

initially chelating ligands interact with Fe through –OH groups on Fe3O4 surface and then 

the complexes of iron-chelating species are released into solution followed by O2- 

neutralization by H+. Dissolution of iron increases the surface of Fe3O4 and hence more 

SOH groups are available for Sb(III) adsorption. Antimony(III) in solution can adsorb on 

the Fe3O4 surface via surface complexation or be in solution in complex form with 

organic complexant. 

 

3.4.3.6 Behavior of Sb(III) Deposition on Magnetite Coated Carbon Steel Surface 

 Antimony(III) adsorption studies were carried out on thick (~30) Fe3O4 coated 

CS with a surface area of 15cm2 obtained from power plant using 900ml of NAC 

solutions. Two different experiments were performed, the fresh NAC formulation was 

used in one experiment while 150ppm Fe loaded NAC formulation was used in another 

experiment. In both experiments, Sb(III) adsorption  saturation was observed at around 

30% of total Sb(III) in solution as shown in Fig. 3.23A.  Iron dissolution was also 

saturated as shown in Fig. 3.23B. The adsorption and dissolution behavior can be 

compared directly with the case of magnetite powder shown in Fig. 3.18A. It appears that 

thick Fe3O4 coated CS coupons behave like Fe3O4 powder. The coating of these coupon 

remained adherent before and after exposure.  
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Fig. 3.23: Sb(III) adsorption behavior on thick magnetite coated CS area 15cm2 in NAC 
formulation at 85oC A. (a) Without Fe powder addition, (b) With 150ppm Fe   
addition; Iron dissolution behavior B. (a) Without Fe powder addition, (b) 
With 150ppm Fe powder addition. 

 

 Antimony(III) adsorption experiment was also performed with thin (~0.8 Fe3O4 

coated CS with surface area 6.2cm2 using of 250ml of NAC solution. The Fe3O4 coating 

over the CS was developed in a pre-conditioned autoclave by keeping the coupons for 

13days in LiOH (pH at room temperature) at 265oC. The autoclave solution was de-

aerated by purging argon gas before heating and 25ppm of hydrazine was added to take  
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Fig. 3.24: Sb(III) adsorption behavior on thin magnetite coated CS area 6.2cm2 in NAC 
 formulation at 85oC (a) Sb(III) adsorption fraction, (b) Iron dissolution 
 behavior. 
 

care of remaining oxygen. Saturation adsorption of Sb(III) was not observed as shown in 

Fig 3.24 and iron release was continued throughout the experiment. The observation was 

very much different from the Fe3O4 powder case (Fig. 3.18A). In fact, the Sb(III) 

adsorption on thin Fe3O4 coated CS is almost linear with time and quite similar to that 

observed on the CS surface (Fig. 3.8). The delayed or slow adsorption of Sb on CS with a 

thin magnetite film is because of the hindrance caused by Fe3O4 where Sb adsorption is 
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by a different mechanism. However upon removal of magnetite film, the Sb adsorption 

pattern is similar to that on CS metal. The thin Fe3O4 coating on CS was adherent before 

exposure and the micrograph of the coating is shown in Fig. 3.25(a). The SEM taken after 

exposing the coated specimen in the NAC, the layer became loosely attached as shown in 

Fig. 3.25(b) and it was similar to the plain CS coupon exposed in NAC as shown in Fig. 

3.25(c).  

 

 

 

 

 

Fig. 3.25: SEM picture of (a) Thin magnetite coated CS coupons, (b) Thin magnetite 
 coated CS coupons exposed to NAC and Sb2O3 at 85oC under deoxygenated 
 condition, and (c) Plain CS coupons exposed to NAC and Sb2O3 at 85oC under 
 reducing condition.  
 

3.5 Summary 

 Dissolution studies showed only Sb(III) and Sb(V) species are soluble in a NAC 

solution under chemical decontamination condition. Both Sb(III) and Sb(V) species are 

stable under the decontamination condition due to slow rates of redox reactions between 

them.  

 Sb(V) does not adsorb on the CS surface (without oxide) in the decontamination 

condition while Sb(III) is adsorbed on the CS surface with first order reaction kinetics. 

XRD and XPS analyses showed Sb(III) migrated to the surface of the CS and formed  

bonds with O site of Fe-OH, resulting in the formation of a layer of Fe-O-Sb complex on 

10 m(a) 10 m(b) 10 m(c)10 m(a) 10 m(a) 10 m(b) 10 m(b) 10 m(c) 10 m(c)
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the surface. It was assumed that subsequently further adsorption of Fe2+ and Sb(III) on 

the layer initiated the formation of surface precipitation of amorphous FeSb2O4 

compound. Simultaneously, the red-ox reactions at the surface resulted in formation of 

Sbo. 

 Surface hydroxyl functional groups play a vital role in the adsorption of Sb(III) on 

Fe3O4 surface. These SOH groups become protonized in acidic solution and attracts 

Sb(III) oxyanions Coulombically. Antimony(III) oxyanions make primary surface 

complex due to condensation or deprotonation reactions.  

 Desorption of adsorbed Sb(III) occurred from Fe3O4 surface in the NAC 

formulation at 85oC after ~5 hours. The continuous release of Fe from Fe3O4 surface even 

after complete adsorption of Sb(III), plays a role in the desorption of Sb(III) from Fe3O4 

surface. The released Sb(III) was not absorbed back on the Fe3O4 surface because it is 

released from the surface as ligand-Fe-O-Sb complex rather than as free Sb (III) 

oxyanion.  

 Sb(III) adsorption on thick Fe3O4 coated CS surface is like Sb(III) adsorption on 

Fe3O4 powder while with thin Fe3O4 coated CS surface like Sb(III) adsorption on CS 

surface. 
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Chapter 4  

INHIBITION OF ANTIMONY DEPOSITION ON CARBON STEEL SURFACE 

 

4.1 Introduction 

 Radioactive antimony is adsorbed mainly on magnetite coated carbon steel (CS) 

surfaces during chemical decontamination and raised the levels of deposited radioactivity 

around the PHT system of power plants. Hence, it is important to identify methodology to 

inhibit the adsorption of Sb on both magnetite and CS surfaces. Antimony adsorption 

inhibitors were selected based on the mechanism of Sb(III) deposition on CS surface 

which was discussed earlier in this thesis.  

 It was mentioned in chapter-3 that Sb(III) adsorption on CS surface is due to the 

formation of Fe-O-Sb surface complex and surface precipitation of Fe-Sb-oxide. In 

addition, Sbo was formed due to redox reactions. Redox reactions are solely based on the 

pH of the solution and there is no direct influence of the properties (viz. complexetion) of 

solutes for maintaining the pH. In order to establish the above phenomena, the behavior 

of antimony(III) adsorption on the CS surface in various organic acids such as Tartaric 

Acid (TA), Citric Acid (CA), EDTA, Gallic Acid (GA) and NTA with different 

complexetion properties had been performed at 85oC with 1mM concentration for 5 hours 

duration. Antimony(III) adsorption on CS surface and the Fe dissolution behavior in 

these organic acids are shown in Fig. 4.1 Adsorption of Sb(III) and dissolution of iron 

increased with decrease in pH of the system and Sb adsorption did not depend on the 

complex property of the organic acids. As the above results showed that iron dissolution 

promoted Sb(III) adsorption on CS surface, inhibition of iron dissolution can prevent 
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Sb(III) adsorption on CS surface. A small concentration of corrosion inhibitors can 

decrease effectively the corrosion rate of metal/alloys. Thus, various corrosion inhibitors 

were attempted to inhibit Sb(III) adsorption on CS surface. Two classes of corrosion 

inhibitors were used here (1) Organic inhibitors and (2) Passivators [1].  

 

 

 

 

 

 

 

 

Fig. 4.1: Effect of different organic complexents on (a) Sb(III) adsorption on CS 
 surface (Shaded Bar), and (b) Iron dissolution from CS surface (Solid Bar) for 
 5 hours at 85oC. pH of the formulations is shown in brackets on the X-axis. 
 

4.2 Corrosion Inhibitors and their Inhibition Efficiency 

 In general, corrosion is an electrochemical process. Under acidic conditions, the 

anodic dissolution of iron metal is balanced by cathodic discharge of H+ taking place at 

another location on the metal surface. 

 Fe   Fe2+ + 2e- (Anodic reaction) …….(4.1) 

 2H+ + 2e-  H2 (Cathodic reaction) …….(4.2) 

Thus, corrosion can be controlled by reducing one of the corrosion reactions that 

is anodic or cathodic or both. A corrosion inhibitor controls the corrosion rate by 
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reducing these corrosion reactions. Inhibition efficiency of the corrosion inhibitors are 

evaluated through weight loss method with the following relation.    

 
IE  (WL WLI ) 100

WL
 (4.3)  

Where 

 IE = Inhibition Efficiency in % 

 WL = weight loss in the absence of the corrosion inhibitor 

 WLI = weight loss in the presence of the corrosion inhibitor 

 

4.3 Sb(III) Inhibition on Carbon Steel Surface with Organic Corrosion Inhibitors 

 Organic corrosion inhibitors can be of different classes viz. Pickling Inhibitor, 

Slushing Compounds and Vapour-Phase inhibitors [1]. Out of these classes, pickling type 

inhibitor is useful in the working conditions described herein viz. aqueous acidic 

corrosion of mild steel. Pickling inhibitors prevent corrosion by forming an adsorbed 

layer on the metal surface. Probably the adsorbed layer may not be more than a 

monolayer in thickness, which essentially blocks discharge of H+ and the dissolution of 

metal as ions. Some pickling inhibitors block the cathodic reaction (raise hydrogen over 

potential) more than the anodic reactions or vice versa; but adsorption appears to be more 

general over the entire surface rather than at specific anodic or cathodic sites, and both 

reactions tend to be retarded. Hence, on addition of the inhibitor to an acid, the corrosion 

potential of steel is not greatly altered (<0.1V), although the corrosion rate may be 

appreciably reduced [1]. 

 Compound serving as pickling inhibitors require, favorable polar group or groups 

by which the molecule can attach itself to the metal surface. These polar groups are –
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NH2, -SH, -OH, -COOH and -PO3 etc. [2]. Pickling inhibitors contain non-polar 

hydrophobic part also which is made up of mostly carbon and hydrogen atoms. The size, 

orientation, shape and electric charge of the molecule play a part in the effectiveness of 

inhibition [1].  

 In this work, corrosion inhibition efficiency experiments were performed by 

exposing around 11cm2 CS surface to 5mM CA with corrosion inhibitor at 85oC under 

reducing conditions for five hours. Experiments for Sb(III) inhibition were conducted 

similar to the corrosion inhibition experiment along with 10ppm of Sb(III) in the solution. 

Different pickling corrosion inhibitors were evaluated for corrosion inhibition efficiency 

and Sb(III) adsorption inhibition on CS surface.   

 

4.3.1 Evaluations of Pickling Corrosion Inhibitor for Inhibiting Sb(III) Adsorption 

on Carbon Steel Surface  

 Many pickling corrosion inhibitors were tried and most of them were passed as an 

effective corrosion inhibitor while failing in Sb(III) adsorption inhibition on CS surface. 

A commercial corrosion inhibitor Rodine 92B was tried which worked effectively both as 

corrosion inhibitor and also as Sb(III) adsorption inhibitor on CS surface. The 

observation with these organic inhibitors is given in details.  

 

4.3.2 -SH Polar Group Based Pickling Inhibitors 

 Thio-urea classes of compounds are known for picking inhibitors under acidic 

condition on metal surface. Here, experiments were carried out with thio-urea and 
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Diphenylthiourea. Thiourea gave corrosion inhibition efficiency of 24-55% for its 

concentration range of 0.5mM to 10mM as shown in Table 4.1. Antimony(III) adsorption  

 

 

 

 

 

 

 

 

Fig. 4.2: Effect of Thiourea concentration on Sb(III) adsorption over CS surface (a) 
 without inhibitor (b) with 1mM thiourea and (c) with 4mM thiourea. 
 

 

 

 

 

 

 

 

Fig. 4.3: Effect of Diphenylthiourea on Sb(III) adsorption over CS surface (a) 
 without  inhibitor (b) 0.25mM concentration (c) 0.5mM concentration and 
 (d) 2Mm concentration. 
 

experiments were performed in the presence of thiourea inhibitor. There was no reduction 

in Sb(III) adsorption rate on the CS surface (Fig. 4.2). Similarly, corrosion inhibition and 
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Sb(III) adsorption experiments were performed with diphenylthiourea. Diphenylthiourea 

gave higher corrosion inhibition efficiency in the range of 24-96% with its concentration 

range of 0.15mM to 2mM as shown in Table 4.1. 

Diphenylthiourea also could not reduce the Sb(III) adsorption rate on the CS surface as 

shown in Fig. 4.3.  

 

 

 

 

 

 

 

 

Fig. 4.4: Effect of adsorption type inhibitors on Sb(III) deposition on CS surface (a) 
 without inhibitor, (b) with 3mM P-hydroxy benzoic acid. 
 

4.3.3 -OH and -COOH Polar Group Based Pickling Inhibitor 

 -OH and –COOH polar group based p-hydroxy benzoic acid pickling inhibitor 

was also tried.  But it has limited corrosion inhibition efficiency of about 5% in our 

working condition as shown in Table 4.1. Even then the inhibitor at 3mM concentration 

gave some reduction in Sb(III) adsorption in (Fig. 4.4(b)). But the reduction of Sb(III) 

adsorption was determinate with increase of iron in the solution due to increase in redox 

reaction between Feo and Sb(III). 
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Table-4.1: Corrosion Inhibition Efficiency of Different Inhibitors. 

S. 
No. 

Name of Inhibitor Concentration
Inhibition 

Efficiency (%) 

1. Thiourea 1.0 mM 24.5 

2. Thiourea 4.0 mM 55.5 

3. Diphenylthiourea 0.15 mM 23.9 

3. Diphenylthiourea 0.5 mM 73.7 

5. Diphenylthiourea 2.0 mM 96.4 

6. p-hydroxy benzoic acid 3.0 mM 5.4 

7. Rodine 92B 25ppm 75.8 

8. Rodine 92B 100ppm 94.6 

 

 4.3.4 Rodine 92B, a Commercial Corrosion Inhibitor  

 Rodine 92B is also a pickling type commercial corrosion inhibitor and used in 

acidic condition on ferrous metals. The chemical formula is a proprietary of the company 

and is a mixture of several compounds. As chemical formula is unknown and hence its 

concentration is used in ppm instead of mM. 

 Experiments were performed with and without Rodine 92B inhibitors. In the 

absence of inhibitor, Sb(III) adsorbed completely on the CS specimen with surface to 

volume ratio of 0.01 cm-1 within 12 hours as shown in Fig. 4.5A(a). Same experiment 

with 100ppm of Rodine 92B was repeated. There was no adsorption of Sb(III) even after 

24 hours of exposure as presented in Fig. 4.5A(b). Thus, it is clearly established that the 

Rodine 92B effectively inhibited Sb(III) adsorption on CS surface. Rodine 92B worked 

effectively as corrosion inhibitor also as shown in Fig. 4.5B and corrosion inhibition 

efficiency was 94.6% for 100ppm as indicated in Table 4.1. As the composition of 

Rodine 92B is not known, some electrochemical and surface related studies were 

performed to explore the Sb(III) adsorption inhibition mechanism.  
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Fig. 4.5: Effect of Rodine 92B on A. Sb(III) adsorption on CS surface (a) without 
 corrosion inhibitor, (b) with 100ppm Rodine 92B; B. Iron dissolution from 
 exposed CS surface (a) without corrosion inhibitor, (b) with 100ppm Rodine 
 92B. 
 

 4.3.4.1 Electrochemical Studies  

 As metal corrosion in acid is electrochemical in nature, this study is an essential 

part for proper understanding of corrosion inhibitors. Potentiodynamic Anodic 

Polarization (PDAP) curves for CS samples exposed to different conditions (viz. NAC 

and NAC + 100ppm Rodine 92B) at 85oC under reducing condition are shown in Fig. 4.6 

and corrosion parameters are given in Table 4.2. The higher corrosion rate was observed 
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in the only NAC system while it was lower in ‘Rodine 92B + NAC’ which inferred that 

Rodine 92B worked as a good corrosion inhibitor. Ecorr became more negative (-0.6445 

V) in ‘Rodine 92 B + NAC’ than in only NAC formulation (-0.5998 V) and there was not 

much change in the Ecorr (<0.1V), although the corrosion rate reduced appreciably. 

Hence, it appears Rodine 92B also behave like pickling inhibitor.   

 

Table-4.2: Corrosion parameters for NAC and ‘NAC + 100ppm Rodine 92B’ 
 formulation. 

Formulation 
PDAP 

c 
(V/dec) 

a 
(V/dec) 

Ecorr 
(V) 

icorr (A/cm2) Corrosion rate 
mpy 

CS-NAC 0.257 0.297 -0.5998 818.364 378.45 

CS-NAC-Rh 0.189 0.219 -0.6445 95.508 44.167 
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Fig. 4.6: PDAP curve for CS specimens exposed at 85oC (a) Only NAC formulation, 
 and (b) NAC and 100ppm Rodine 92B. 
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Fig. 4.7: XPS analysis of carbon steel coupon exposed to 100 ppm Rodine 92B solution 
 under reducing condition at 85oC (a) C1s peak, (b) Fe2p peak, (c) N1s peak 
 and (d) O1s peak. 
 

4.3.4.2 XPS Analysis to Probe Chemical Interaction of Rodine 92 B with Carbon 

Steel  

 Carbon Steel coupon was exposed to 100ppm Rodine 92B water solution under 

reducing condition at 85oC for one hour and then cooled under reducing environment till 

room temperature prior to XPS analysis. In XPS analysis, different peaks viz. C1s, N1s, 

O1s and Fe2p were acquired. Analysis of C 1s peak showed (Fig. 4.7(a)) only one peak at 

284.7 eV which may belong to graphitic, aliphatic or aromatic carbon [3]. Oxygen 1s 

peak in Fig. 4.7(d) was deconvoluted (not shown) into three peaks with positions at 529.5 

eV, 531.3 eV and 532.5 eV. The peak at 529.5 eV belongs to iron oxide [4], 531.3 eV 
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belongs to the hydroxyl group of iron hydrous oxide [5] and 532.5 eV may belong to an 

aliphatic hydroxyl group [6]. Iron 2p peak in Fig. 4.7(b) was seen at 709.5 eV which 

indicates the presence of Fe2+ and was possible due to the reducing condition around the 

surface [7]. The nitrogen 1s peak was observed at 399.6 eV (Fig. 4.7(c)) which was 

assumed to bond directly with Fe of CS surface [8] and –N= type bonding was present 

[9]. 

 

 

 

 

 

Fig. 4.8: SEM picture of carbon steel coupons exposed to organic acid and 10 ppm 
 Sb2O3 at 85oC under reducing condition; (a) Without Inhibitor and (b) With 
 100ppm Rodine 92B. 
 

4.3.4.3  SEM Analysis of Rodine 92B Exposed to Carbon Steel Specimen 

 Surface morphology was taken for CS coupon exposed with and without Rodine 

92B inhibitor in organic acids with Sb(III) under reducing condition at 85oC. In the 

absence of inhibitor, the exposed CS coupon appeared to be relatively rough and having a 

lot of loosely bound particles as shown in Fig. 4.8(a). It is evident that without inhibitor 

CS surface corroded severely. While after exposure in 100ppm Rodine 92B, the CS 

surface was without any loose particles and was shining as before the exposure (Fig. 

4.8(b)). Polishing scratches were also visible on the surface (Fig. 4.8(b)). The surface 

became flat and closely packed (Fig. 4.8(b)) which suggested that Rodine 92B formed an 

adsorption layer on the CS surface and inhibited it.  

10 m(a) 10 m(b)10 m(a) 10 m(a) 10 m(b) 10 m(b)
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Fig. 4.9: Schematic diagram of triazine derivative. 
 
Where 
 Z = It is a straight-chain or branched chain unsubstituted or substituted alkylene 
 groups.  
 X = It can be H, alkali metal, alkaline earth metal, NH4

+ or a primary, 
 secondary or tertiary ammonium residue. 
 R = It can be alkyl optionally substituted by hydroxyl group, cyclohexyl or an 
 aryl groups. 
 

 

 

 

 

 

Fig. 4.10: Schematic diagram of Rodine 92B inhibition mechanism. 
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peak of N1s showed the presence of –N= type bonding in Rodine 92B which is a part of a 

triazine derivative as shown in Fig. 4.9.     

 Above analysis suggested that Rodine 92B contain nitrogen related polar groups 

with a much greater volume of hydrophobic organic parts. XPS studies showed that 

Rodine 92B was attached to the CS surface through the Nitrogen part of Rodine 92B and 

remaining bulky hydrophobic part of Rodine 92B covers almost completely the CS 

surface and makes up impervious barrier layer on CS surface. Electrochemical studies 

also suggested that this barrier layer inhibit both cathodic and anodic corrosion reaction 

by covering the active sites of CS surface. This barrier layer stops iron dissolution from 

CS in acidic solution efficiently. As a result it stops Sb(III) deposition as Sbo due to redox 

reaction with Fe dissolution from CS surface. This barrier layer of Rodine 92B also 

obstructs Sb(III) to form a monolayer of Fe-O-Sb complex on CS surface, as a result 

further surface precipitation of FeSb2O4 compound on CS surface is stopped. A 

schematic diagram of Rodine 92 inhibition mechanism is shown in Fig. 4.10.   

 

4.4 Sb(III) Inhibition on Carbon Steel surface with Passivators type Corrosion 

Inhibitors 

 Passivators are usually inorganic oxidizing substance such as Na2HPO4, 

Na2MoO4, NH4VO3, Na2SeO3 etc. [1]. Passivators adsorb on the metal surface, with each 

site of adsorption adding to the cathodic area of the metal. As a result, smaller the 

residual anodic areas, increases the anodic polarization and ultimately passivation. The 

passivators are a type of corrosion inhibitors there to reduce corrosion rates to very low 

values but effectiveness varies with metal-environment combinations. For optimum 
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inhibition, the concentration of passivator must exceed a certain critical value. Below this 

concentration, passivators behave as active depolarizers and increase the corrosion rate in 

localized areas, such as pits. The critical concentration for most of passivators is about 

0.1-1.0 mM  

 

 

 

 

 

 

 

Fig. 4.11: Effect of different 1mM passivators in presence of 5mM citric acid on CS 
 surface- Sb(III) adsorption behavior (Shaded Bar), Iron dissolution from CS 
 surface (Solid Bar). 
 

[1]. A series of passivators viz. Na2HPO4, Na2MoO4, NH4VO3, Na2HAsO3, Na2WO4, 

Na2SeO3, and Na2HAsO4 with 1mM concentration were tried. Antimony(III) adsorption 

behavior in the presence of 5mM CA and 1mM concentration of these passivators was 

carried out as shown in Fig. 4.11. Out of these passivators only Na2MoO4 and Na2HAsO3 

effectively reduced the iron release from the CS surface as shown in Fig. 4.11(solid bar). 

It was observed in pickling corrosion inhibitor studies for Sb(III) adsorption inhibition 

that reduction in the iron dissolution from the CS surface helped in Sb(III) adsorption 

inhibition. This concept was followed by Na2MoO4 passivator and could effectively 

inhibit the Sb(III) adsorption as shown in Fig. 4.11(Shaded Bar). Though Na2HAsO3 

passivator could effectively reduce iron dissolution, it failed to provide inhibition of 
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Sb(III) adsorption on CS surface. Though passivator Na2SeO3 could not effectively 

reduce iron dissolution (Fig. 4.11(Solid Bar) but it performed well as Sb(III) adsorption 

inhibitior on CS surface (Fig. 4.11(Shaded Bar)). Thus it appears that the adsorption 

inhibition of Sb(III) by Na2MoO4 and Na2SeO3 work under different mechanisms. Here, 

an attempt was made to explore these mechanisms of Sb(III) adsorption inhibition in the 

presence of Na2MoO4 and Na2SeO3. 

 

4.5 Sb(III) Adsorption Inhibition Mechanism on Carbon Steel in Presence of 

Na2MoO4  

4.5.1 Behavior of Sb(III) adsorption on  Carbon Steel in presence of MoO4
2- in 

Solution 

 MoO4
2- passivator is observed to be a better corrosion inhibitor in oxidizing 

condition [11-13] as compared to that in reducing condition. In the present work, 

reducing and acidic conditions prevailed and still MoO4
2- worked as a good passivating 

agent in the presence of Sb(III) as shown in Fig. 4.11(Solid Bar). In presence of MoO4
2-, 

black luster film was observed on the exposed CS coupon. This black film may act as a 

barrier layer and inhibits Sb(III) adsorption on CS surface. It was observed that Sb(III) 

adsorption inhibition with MoO4
2- works similarly like Rodine 92B. Further, Sb(III) 

adsorption and surface characterization studies were carried out with variation of MoO4
2- 

and Sb(III) concentrations to understand the mechanism of Sb(III) adsorption inhibition 

on the CS surface in presence of MoO4
2-. The experiments with only MoO4

2- were 

defined as CA+Mo while experiments with MoO4
2- and Sb(III) were defined as 
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CA+Mo+Sb. Here, MoO4
2- concentration is defined in ppm instead of mM for better 

comparison with other elements (1mM = 100ppm for Mo).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.12: Effect of MoO4

2- variation in 5mM citric acid on CS surface A. Sb(III) 
 adsorption behavior (a) without, (b) 10ppm, (c) 25ppm, and (d) 100ppm; 

 B. Iron dissolution behavior (a) without, (b) 10ppm, (c) 25ppm, and (d) 
 100ppm; C. Na2MoO4 adsorption behavior (a) 10ppm, (b) 25ppm, and (c) 
 100ppm. 
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4.5.1.1 Sb(III) Adsorption Studies with Concentration Variation of MoO4
2- 

 Experiments were performed with different concentration of MoO4
2- e.g. 10ppm, 

25ppm and 100ppm and adsorption of antimony on CS surface was compared. Other 

solutes of the solution were 5mM CA and 1ppm of Sb(III) which remained same in all 

experiments. Antimony adsorption results were represented as an adsorption fraction per 

cm2. Increase in MoO4
2- concentration decreased the Sb(III) adsorption on the CS surface 

as shown in Fig. 4.12A. In fact, 10ppm MoO4
2- did not give any inhibitory effect on 

Sb(III) adsorption (Fig. 4.12A(b)). Iron dissolution results (Fig. 4.12B) showed that there 

was no reduction in iron release with 10ppm and 25ppm MoO4
2- concentration (Fig. 

4.12B(b)&(c)) but 100ppm MoO4
2- (Fig. 4.12B(d)) showed reduction in iron dissolution. 

As MoO4
2- is a passivator it gets adsorbed on CS surface. Thus, molybdate adsorption 

behavior with time on CS surface was also carried out as shown in Fig. 4.12C. There was 

almost nil adsorption of MoO4
2-with 10ppm concentration- (Fig. 4.12C(a)), very less 

adsorption with 25ppm of MoO4
2-(Fig. 4.12C(b)) and good adsorption with 100ppm 

MoO4
2- (Fig. 4.12C(c)) was observed on CS surface. 

 In case of 10ppm MoO4
2-, there was no reduction in Sb(III) adsorption on CS 

surface compared to ‘without passivator’. It appears that an adsorption property of 

MoO4
2- on CS surface is less compared to Sb(III) because the MoO4

2- concentration was 

10ppm and Sb(III) was 1ppm concentration. Since there was no MoO4
2- adsorption, a 

barrier film could not be formed on CS surface and hence it failed to reduce the iron 

dissolution. 
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Fig. 4.13: Effect of Sb(III) concentration variation in presence of 5mM citric acid and 
 100ppm MoO4

2-  on CS surface A. Sb(III) adsorption behavior (a) 0.50ppm, 
 (b) 1.00ppm, and (c) 2.00ppm; B. Iron dissolution behavior (a) 0.50ppm, (b) 
 1.00ppm, and (c)  2.00ppm; C. Na2MoO4 adsorption behavior (a) 0.50ppm, 
 (b) 1.00ppm, and (c) 2.00ppm.  
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 In the presence of 25ppm MoO4
2-, adsorption of MoO4

2- on CS surface was very 

less as a result continuous barrier film was not formed and subsequently a reduction in 

iron dissolution was not observed. Even though, no barrier film was formed on CS 

surface, a reduction in Sb(III) adsorption was observed. The reason could be the presence 

of  higher MoO4
2- concentration compared to Sb(III) which gave less accessibility of CS 

surface to adsorb Sb(III). 

 In case of 100ppm MoO4
2-, the MoO4

2- adsorption on CS surface could form a 

good barrier layer and reduced the iron dissolution. A very high concentration of MoO4
2- 

compared to Sb(III) and a good barrier film of MoO4
2- could effectively stop the Sb(III) 

adsorption. 

 

4.5.1.2  Sb(III) Adsorption Studies with Concentration Variation of Sb(III) 

 In this study, experiments were performed with varying Sb(III) concentration e.g.  

0.5 ppm, 1.0 ppm and 2.0 ppm. Other solutes of the solution were 5mM CA and 100 ppm 

of MoO4
2- which remained same in all experiments. The adsorption amount is shown in 

per cm2 area of the CS surface to avoid the effect of variation in specimen area. 

Antimony(III) adsorption was increased with increase in Sb(III) concentration as shown 

in Fig. 4.13A. But the relative ratio of ‘adsorbed Sb(III)’/‘solution Sb(III)’ more or less 

did not change with the concentration variation of Sb(III). Iron dissolution was reduced 

with increase in Sb(III) concentration (Fig. 4.13B). Initially, there was no adsorption of 

MoO4
2- on CS surface (30-60mins) and then the adsorption starts (Fig. 4.13C). 

Molybdate adsorption was slightly more with 2.0ppm Sb(III) (Fig. 4.13C(c)) compared to 
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0.5ppm and 1.0ppm Sb(III) (Fig. 4.13C(a)&(b)) though the initial MoO4
2- concentration 

was same in all the experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14: Effect of Sb(III) on A. Sb adsorption with Sb(III) and 100ppm MoO4
2-; B. 

 MoO4
2- adsorption (a) Without Sb(III), and (b) 1.0 ppm Sb(III). 

 

 As mentioned in chapter 3, Sb(III) adsorption on the polished CS surface 

followed first order reaction kinetics, so increase in Sb(III) adsorption with Sb(III) 

concentration is expected. The corrosion inhibition of CS surface was observed to 

increase to some extent with Sb(III) concentration. The reduction in the iron dissolution 

with an increase in Sb(III) concentration was assumed to be due to more adsorption of 

MoO4
2- on CS surface resulting in thicker MoO4

2- barrier layer. There was an induction 
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time observed in the adsorption of MoO4
2- on the CS surface while this was not the case 

with Sb(III) adsorption.  

 Role of Sb(III) on induction period of MoO4
2- adsorption was confirmed with a 

couple of experiments performed with and without 1ppm Sb(III). Other parameters viz. 

100ppm MoO4
2-, 5mM CA and specimen were common in both experiments. The results 

are shown in Fig. 4.14 for Sb and MoO4
2- adsorption. It is seen in Fig. 4.14B that 

induction period for MoO4
2- adsorption does not depend on the presence of Sb(III). Such 

induction period in Sb(III) adsorption was not observed (Fig. 4.14A).  

 Electrochemical and surface characterization studies were carried out to explore 

the reason for Sb(III) adsorption inhibition in presence of MoO4
2- on CS surface, role of 

Sb(III) in corrosion inhibition with MoO4
2- passivator and induction time in MoO4

2- 

adsorption on CS surface. 

 

4.5.1.3 Electrochemical Studies  

 PDAP studies were carried out to understand the electrochemical behavior of CS 

surface in presence of MoO4
2-. Studies were done for 5mM CA; 5mM CA + 100ppm 

MoO4
2-; 5mM CA + 100ppm MoO4

2- + 10ppm Sb(III) at 85oC under reducing condition. 

PDAP curves are presented in Fig. 4.15 and their corrosion parameters are shown in 

Table 4.3. Corrosion rate was observed to be higher in the pure CA medium when 

compared with CA+Mo. Similar result was observed in solution analysis using ICP-AES 

in the presence of only MoO4
2-. In the case of CA+Mo+Sb corrosion rate was lower than 

CA+Mo medium (Table 4.3). The solution analysis result showed better passivation in 

case of CA+Mo+Sb compared to CA+Mo case. The PDAP experiments were carried out 
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immediately after specimen immersion and MoO4
2- + Sb(III) needed some time to 

passivate the CS surface. In fact, solution analysis studies also indicate the induction time 

in MoO4
2- adsorption on CS surface. In presence of CA+Mo+Sb, Ecorr observed was more 

noble (-0.597) compared to a pure CA formulation (-0.633) hence the system moved 

toward the more passive side as expected with a passivator. 

 

Table-4.3: PDAP related parameter for samples in formulation containing only CA, 
 CA+Mo and CA+Mo+Sb. 

Formulation 
PDAP 

c 
(V/dec) 

a 
(V/dec) 

Ecorr 
(V) 

icorr (A/cm2) Corrosion rate 
mpy 

CA 0.352 0.259 -0.633 641.845 296.82 

CA+Mo 0.360 0.289 -0.623 536.819 248.25 

CA+Mo+Sb 0.273 0.236 -0.597 445.126 205.85 

 

Table-4.4: Polarization resistance for CS samples with formulation containing only 
 CA, CA+Mo and CA+Mo +Sb measured through impedance spectroscopy. 

Time CA 

() 

CA + Mo 

() 

CA + Mo +Sb 

() 

Initial -- 4.38 -- 

30 min 5.6 4.07 351.0 

1 hr 8.77 16.46 351.0 

2 hrs 11.43 -- 358.0 

3 hrs 11.93 33.1 358.0 

4 hrs 13.95 5.61 350.0 

5 hrs 16.31 5.59 350.0 

 

 Impedance spectroscopic was studied on all the three solutions with variation in 

time. Impedance spectroscopic was carried out at Ecorr and without applying external 

potential on the specimen; hence the passive film was not disturbed. In case of pure CA, 

polarization resistance increased with time and hence the corrosion rate decreased as 
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shown in Table 4.4. In case of CA+Mo, polarization resistance increased up to 3 hours 

and then subsequently decreased indicating that the thin passive film formed initially later 

dissolved. While with CA+Mo+Sb, polarization resistance observed was very high 

compared to other two cases and remained constant upto 5 hours inferring that a very 

stable passive layer was formed and remained stable throughout the experiment. 

 

4.5.2 Surface Characterization of Deposits Formed on Carbon Steel Surface with 

MoO4
2- and Sb(III) 

 The CS specimen exposed to CA+Mo+Sb leads to the formation of two layers on 

the CS surface [14]. The two layers were, loosely adhered layer abbreviated as (LAL) 

and the inner layer (IL) which were classified based on ultrasonic treatment. The sorption 

mechanism of MoO4
2- and the contents of the barrier layer on CS surface were further 

explored with surface characterization of these LAL and IL layers. 
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Fig. 4.15: PDAP curve for CS specimens exposed at 85oC (a) CA formulation,  (b) 
 CA+Mo, and CA+ Mo+Sb. 
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Fig. 4.16: XRD data of LAL sample formed in presence of CA+Mo+Sb. 

 

4.5.2.1 XRD Analysis 

 An XRD data of the LAL sample was taken and no peak pattern was observed as 

shown in Fig. 4.16. The deposited materials were amorphous in nature. 

 

 

 

 

 

 

 

 

 
Fig. 4.17: Sb3d3/2 XPS peak of LAL sample (a) without any passivator and (b) 100ppm 
 MoO4

2- passivator.  
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4.5.2.2 XPS Analysis  

 XPS analysis of the LAL and IL samples were carried out to see the difference in 

composition at the interface and the loosely adsorbed layer formed by different 

passivators when CS coupons were exposed to them. In Fig. 4.17 Sb3d3/2 peak of LAL 

samples from ‘without passivator’ and with 100ppm MoO4
2- passivator in solution were 

shown. Intense peak of Sb observed in the samples ‘without passivator’ as shown in Fig. 

4.17(a). But with 100ppm MoO4
2-, relatively very low intensity Sb peak (Fig. 4.17(b)) 

was observed. Relative atomic percentage of elements in ‘without passivator’ (Fe-37% & 

Sb-63%) and with 100ppm MoO4
2- passivator (Fe-17.4%, Mo-70.5% & Sb-12.1%) shows 

the effectiveness of MoO4
2- passivator.  

 

 

 

 

 

 

 

 

 

 
Fig. 4.18: Sb3d3/2 XPS peak of IL sample (a) without any passivator, and (b) 100ppm 
 MoO4

2- passivator. 
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‘without passivator’ sample at the interface (Fig. 4.18(a)) was less compared to that of the 

100ppm MoO4
2- passivator (Fig. 4.18(b). Relative atomic percentage of elements in 

‘without passivator’ (Fe-87.3% & 11.3%) and with 100ppm MoO4
2- passivator (Fe-

91.7%, Mo-3.0% & Sb-5.3%) shows the effectiveness of 100ppm MoO4
2- even at 

interface also.  

Further XPS analysis was carried out to throw some light on the structure of LAL 

and IL Mo 3d and Fe2p peaks were acquired for LAL and IL samples and analysed 

thoroughly. 

 

 

 

 

 

 

 

 
Fig. 4.19: Mo3d photoelectron spectra obtained from carbon steel samples treated in 
 5mM citric acid containing 100ppm MoO4

2- and 10 ppm Sb(III) at 85oC under 
 deoxygenated condition (a) LAL and  (b) IL. 
 

In Fig. 4.19, photoelectron spectra of Mo 3d peak were acquired from the LAL 

and IL samples are shown. In both cases, the peaks were very broad as compared to the 

standard Mo6+ sample (MoO4
2-). In LAL sample, Mo 3d peak was deconvoluted into six 

peaks while in IL sample it was deconvoluted into four peaks as shown in Fig. 4.19(a) 

and Fig. 4.19(b) respectively. The deconvoluted 3d peak positions of Mo and their 
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relative concentration are shown in Table 4.5. In case of LAL, Mo was in +6, +5 and +4 

states while in IL, Mo was dominantly in +6 and partially in +4 states. In LAL sample Fe 

was in Fe3+ state while in IL sample in Fe3+ and elemental states. The elemental state in 

IL sample was due to signal from base metal underneath. 

 
Table-4.5: Binding energy (eV) of photoelectron peaks of Mo and its relative 

concentration in LAL and (b) IL samples from CS exposed to CA+Mo+Sb 
at 85oC. 

Sample description 
Mo 3d5/2  

(eV) 
Mo 3d3/2  

(eV) 
Relative 
Mo(%) 

Remarks 
[Ref.] 

LAL (CA+Mo+Sb in 
solution) 

230.4  
231.3  
232.3 

233.6  
234.5 
235.5 

38.0 
28.7 
33.3 

Mo4+ [22] 
Mo5+ [22] 
Mo6+ [22] 

IL (CA+Mo+Sb in solution) 
230.5 
232.5 

233.7 
235.7 

17.4 
82.6 

Mo4+ [22] 
Mo6+ [22] 

 

Quantitative analysis was carried out at different stages of adsorption of Sb(III) in 

presence of MoO4
2- passivator by XPS on the surface and ICP-AES in bulk solution 

(Table 4.6). This quantitative analysis could help in the formulation of LAL and IL 

composition. The ratio of Mo to Sb concentration in solution was 12.3 and their 

adsorption on the surface was interrelated, the ratio should be similar on IL or LAL. In 

LAL the ratio was 5.8 with 12 at% of Sb and 70.5 at% of Mo. The presence of Fe, Mo 

and Sb on LAL suggests the involvement of all the three metal ions in forming a stable 

passive layer. The passive layer inhibits the movement of Sb to CS surface and also 

prevents the release of Fe from CS to solution. In IL itself, there was very little Mo and 

Sb but that provides the base for the build up of LAL. However IL was dominated by Fe 

arising from the underlying Fe metal. When there was no Mo in solution, IL contained Fe 

and Sb in significant proportions. 
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Table-4.6: Quantification of chemical concentration of Fe, Sb, Mo in IL & LAL at 
 different stages of adsorption of Sb(III) in presence of  MoO4

2- passivator by 
 XPS and ICP-AES. 

Sample Description Fe 
(at%) 

Mo  
(at%) 

Sb  
(at%) 

Solution composition  (ICP-AES) -- 92.5 7.5 

IL (Only Sb(III) in solution) 87.3 -- 11.7 

IL (CA+Mo+Sb in solution) 91.7 3.0 5.3 

LAL (CA+Mo+Sb in solution) 17.4 70.5 12.1 

 

  

 

 

 

 

 

 

Fig. 4.20: Mo3d photoelectron spectra obtained from CS samples treated in 5mM citric 
 acid containing 100ppm MoO4

2- at 85oC under deoxygenated condition (a) 
 LAL and (b) IL. 
 

 Solution analysis showed the corrosion inhibition inefficiency of MoO4
2- in the 

absence of Sb(III). Hence, XPS analysis was carried out on exposed CS coupons to find 

out the probable reason. The coupons were prepared by exposing CS specimen to 
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LAL and IL samples. In Fig. 4.20, photoelectron spectra of Mo 3d peak were acquired 

from the LAL and IL samples are shown. In LAL and IL both samples, Mo 3d peak was 

deconvoluted into four peaks as shown in Fig. 4.20(a) and Fig. 4.20(b). The deconvoluted 

3d peak positions of Mo and their relative concentration are shown in Table 4.7. In both 
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cases, Mo was in +6 and +4 states. The LAL sample for CA+Mo case did not have +5 

state compared to the CA+Mo+Sb LAL sample (Fig. 4.19(a)). In addition, the CA+Mo 

LAL sample had dominantly +6 state (Table 4.7) while in CA+Mo+Sb LAL sample all 

+6, +5 and +4 states were present almost in equal amount (Table 4.5). 

 Quantitative analysis was carried out at CS surface exposed to CA+Mo by XPS 

method (Table 4.8). The composition of the IL sample (Table 4.8) more or less same with 

the IL sample in presence of CA+Mo+Sb (Table 4.6). Iron was the dominant element in 

the CA+Mo LAL sample (Table 4.8) while Mo was the dominant element in the 

CA+Mo+Sb LAL sample (Table 4.8). 

 

Table-4.7: Binding energy (eV) of photoelectron peaks of Mo and its relative 
 concentration in LAL and (b) IL samples from CS exposed to 5mM citric 
 acid under reducing conditions containing 100ppm MoO4

2- at 85oC. 

Sample description Mo 3d5/2  
(eV) 

Mo 3d3/2  
(eV) 

Relative 
Mo(%) 

Remarks 
[Ref.] 

LAL (CA+Mo in solution) 230.5 
232.3 

233.7 
235.4 

13.3 
86.7 

Mo4+ [22] 
Mo6+ [22] 

IL (CA+Mo in solution) 230.5 
232.5 

233.7 
235.4 

23.8 
76.2 

Mo4+ [22] 
Mo6+ [19] 

  

Table-4.8: Quantification of chemical concentration of Fe and Mo in IL & LAL 
 samples by XPS.  

Sample Description Fe (at%) Mo  (at%) 

LAL (CA+Mo in solution) 57 43 

IL (CA+Mo in solution) 96 4 

 

4.5.2.3 SEM Analysis 

 Surface morphology was taken for CS coupon exposed to CA+Mo and 

CA+Mo+Sb in organic acids under reducing condition at 85oC. In presence of CA+Mo, 
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the deposited layer was not compact and continuous as shown in the Fig. 4.21(a). EDS 

analysis showed 85.6% Fe (at %) and remaining 14.6% was Mo. The surface morphology 

of CA+Mo+Sb exposed CS surface showed the deposited layer was compact and 

continuous as shown in Fig. 4.21(b). It indicated that CA+Mo+Sb gave good corrosion 

inhibition to CS surface. EDS analysis gave composition (at %) as Fe 76.7%, Mo 21.1% 

and Sb was 2.2%.  

 

 

 

 

 

 
Fig. 4.21: SEM picture of carbon steel coupons exposed to organic acid at 85oC under 
 reducing condition; (a) CA+Mo and (b) CA+Mo+Sb. 
 

4.5.3  MoO4
2- and Sb(III) Sorption Mechanism on Carbon Steel 

Identification of Chemical states of Sb and Mo at the LAL and IL is important to 

find the mechanism of adsorption inhibition of Sb(III) in presence of MoO4
2-. As 

mentioned in chapter 3 that Sb(III) formed FeSb2O4 and Sbo as LAL while Fe-Sb-OH 

complex as IL usually called inner sphere surface complex (chemically bonded). In the 

presence of Sb(III), Molybdenum was in +6, +5 and +4 state at the LAL while at the 

interface it was in +6 (dominantly) and +4 states. In a similar work, oxide film showed 

the formation of Mo6+ and Mo5+ on the CS on adsorption of MoO4
2- [15]. In another work 

[16], the incorporation of MoO4
2- electrochemically in CS surface showed the formation 

of an oxide layer containing Mo4+, Mo5+ and Mo6+. The presence of lower oxidation state 

10 m(a) 10 m(b)10 m(a) 10 m(a) 10 m(b) 10 m(b)
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of Molybdenum might be due to redox reaction between Feo from CS and Mo6+ from 

MoO4
2-. Zhang and Sparks found MoO4

2- adsorbed on to goethite as an inner sphere 

surface complex primarily as FeMoO4
1- [17] that supports our finding that molybdenum 

exists dominantly as Mo6+ at the interface. Formation of Mo6+ states in the form of 

Fe2(MoO4)3 [12] or MoO3 [18] was observed in case of adsorption of MoO4
2- ions on CS 

surface. But, the quantification from XPS showed that the amount of Mo is significantly 

higher compared to the amount of Fe at the surface (Table 4.6). So it is predicted that 

majority of Mo is in either MoO3 form or in other reduced oxide of Mo such as Mo2O5 

[19] or MoO(OH)2. However the XRD pattern showed that the compounds formed were 

amorphous.   

 

Fig. 4.22:  Schematic diagram of MoO4
2- passivator inhibition mechanism. 

 

It appears from the above observations that Sb(III) present in CA is adsorbed on 

the CS surface by making a bonding with SOH on the surface and forms Fe-Sb-OH 

surface complexes [14]. Similarly, Mo was also found to be adsorbed on the CS surface 

through SOH and forms FeMoO4
1- surface complexes. The bond formation between Fe 
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and Mo through O could be monodentate binuclear, bidentate binuclear and bidentate 

mononuclear [20]. Only MoO4
2- or Only Sb(III) adsorption on CS surface doesn’t inhibit 

the iron dissolution from the CS surface in the presence of CA. But, in the presence of 

both, iron dissolution was inhibited from CS surface. This was due to the formation of an 

inhibitive protective and a compact layer composed of these surface complexes and 

which was indicated by SEM images. The structure of this inhibiting layer would be the 

structure of LAL. The LAL constitute of Mo (70.5%), Sb (12.1%) and Fe (17.4%). In this 

layer Mo was rich with lower oxidation states (+5 & +4) along with +6 state. The 

inhibitive layer was a probable mixture of amorphous compounds viz. Fe2(MoO4)3 [12], 

MoO3 [18], Mo2O5 [19], MoO(OH)2, MoO2 and FeSb2O4 [14]. Due to this impervious 

layer, dissolution of Fe from the CS surface stopped the redox reaction on the surface, 

thereby stopping the Sb(III) pick up on the surface. In the case of only MoO4
2-, the LAL 

contained rich Fe (57%) and Mo (43%). In this layer, Mo was dominantly +6 state like IL 

samples in both cases. The composition of LAL was FeMoO4
1- same as IL. A schematic 

diagram is shown in Fig. 4.22, here which gives the probable mechanism of Sb(III) 

adsorption inhibition in presence of MoO4
2-. 

 

4.6 Sb(III) Adsorption Inhibition Mechanism on Carbon Steel in Presence of 

SeO3
2- 

 Antimony(III) adsroption inhibition was observed in the presence of 1mM SeO3
2- 

as shown in Fig. 4.11(Shaded Bar) and the dissolution of iron (Fig. 4.11(Solid Bar)) was 

observed from CS surface. The mechanism of Sb(III) adsorption inhibition should be 

different from the mechanism involved with Rodine 92B organic corrosion inhibitor and 
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MoO4
2- passivator. During the experiment, the solution was not clear as a result further 

concentration variation of SeO3
2- and Sb(III) related experiments were not carried out. 

Surface characterizations and electrochemical studies were performed to understand the 

Sb(III) adsorption inhibition mechanism. The experiments with only SeO3
2- were defined 

as CA+Se while experiments with SeO3
2- and Sb(III) were defined as CA+Se+Sb. 
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Fig. 4.23: PDAP curve for CS specimens exposed at 85oC (a) Only CA formulation, (b) 
 CA+Se, and CA+Se+Sb. 
 

Table-4.9: PDAP related parameter for CS exposed to formulation containing only CA, 
 CA+Se, and CA+Se+Sb. 

Formulation 

PDAP 

c 

(V/dec) 

a 

(V/dec) 

Ecorr 

(V) 
icorr (A/cm2) Corrosion rate 

mpy 

CA 0.352 0.259 -0.633 641.845 296.82 

CA+Se 0.217 0.228 -0.624 436.217 201.73 

CA+Sb+Se 0.419 0.237 -0.599 377.171 174.42 
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4.6.1 Electrochemical Studies 

PDAP studies were carried out to understand the corrosion behavior of CS surface 

in presence of SeO3
2-. Studies were carried out for 5mM CA; ‘5mM CA + 1mM SeO3

2-’; 

‘5mM CA + 1mM SeO3
2- + 10ppm Sb(III)’ at 85oC under reducing condition. PDAP 

curves are presented in Fig. 4.23 and their corrosion parameters are shown in Table 4.9. 

Corrosion rate observed was less in CA+Se medium compared to pure CA.  Similarly, 

with CA+Se+Sb further decrease in corrosion rate was observed though solution studies 

showed higher dissolution of iron with CA+Se compared to pure CA. The reason for this 

differential behavior of the two results could be that the PDAP experiments were carried 

out within shorter duration (within one hour) while solution studies were carried for the 

longer duration (for 5 hours). During PDAP measurements initially thin barrier layer was 

formed which was not protective and hence iron dissolution took place in the solution. In 

presence of CA+Se+Sb not much change was observed in Ecorr value compared to pure 

CA (-0.633V) indicating cathodic and anodic reactions that controlled the corrosion 

process. 

 

4.6.2 Surface Characterization of Deposits Formed on Carbon Steel Surface with 

SeO3
2- and Sb(III) 

 For surface characterization CS sample was exposed to 10ppm Sb(III), 1mM 

Na2SeO3 and 5mM CA at 85oC under reducing condition. The exposed CS sample 

contained two layers, LAL and IL which were classified based on ultrasonic treatment 

(given in Chapter 3). The LAL and IL sample were used for further characterization. 
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4.6.2.1 XRD Analysis 

 XRD pattern was obtained for the LAL sample as shown in Fig. 4.24. The XRD 

spectra indicated the presence of FeSe2 and elemental Se. There was no Sb related 

crystalline compound observed from the spectrum. 
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Fig. 4.24: XRD pattern of LAL sample from a carbon steel surface treated in 5 mM 
 citric acid containing 1mM SeO3

2- with 10 ppm Sb(III) at 85oC under 
 deoxygenated condition. 
 

4.6.2.2 XPS Analysis 

 Solution analysis using ICP-AES showed that SeO3
2- reduced the Sb(III) 

deposition on CS surface. XPS analysis of exposed CS surface were carried for direct 

evidence of reduction in Sb(III) adsorption. The XPS analysis of the LAL and IL samples 

were done to see the difference in composition at the interface and the loosely adsorbed 

layer. In Fig. 4.25, Sb 3d3/2 peak of LAL samples from ‘without passivator’ and 1mM  
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Fig. 4.25: Sb3d3/2 XPS peak of LAL sample (a) without any passivator, (b) 1mM SeO3
2- 

 passivator, and (c) 1mM SeO3
2- passivator addition after exposure to Sb(III). 

 

SeO3
2- are shown. The intense peak of Sb was observed for samples ‘without passivator’ 

(Fig. 4.25(a)) and in presence of 1mM SeO3
2- passivator, relatively very low Sb peak 

(Fig. 4.25(b)) was observed which showed the effectiveness of SeO3
2- in preventing 

Sb(III) sorption over CS surface. Similarly for IL sample in the presence of 1mM SeO3
2- 

no detectable peak corresponding to Sb 3d3/2 was observed (Fig. 4.26(b)); while in case 

of ‘without passivator’, Sb3d3/2 peak was observed (Fig. 4.26(a)) in the IL sample. This 

result showed that SeO3
2- adsorbed preferentially compare to Sb(III) at the interface. 

Considering this result, an attempt was made to remove the adsorbed Sb(III) from the CS 

surface through SeO3
2- treatment. A CS coupon was exposed initially to 10ppm Sb(III) 

and 5mM CA at 85oC under reducing condition for 3 hours and then 1mM of SeO3
2- was 

added in it. LAL and IL layers of this sample were used for XPS analysis. XPS analysis 

of LAL sample (Fig. 4.25(c)) showed almost no pickup of Sb(III) but in IL sample a good 

intensity of Sb3d3/2 peak was observed. This indicates adsorbed Sb(III) can not be 
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removed by the addition of SeO3
2- but Sb(III) present in solution can be stopped to adsorb 

on a CS surface by the addition of SeO3
2- in solution. 

 

 

 

 

 

 

 

 

Fig. 4.26: Sb3d3/2 XPS peak of IL sample (a) without passivator, (b) 1mM SeO3
2- 

 passivator, and (c) 1mM SeO3
2- passivator addition after exposure to Sb(III). 

 

 

 

 

 

 

 

 

 

Fig. 4.27: Se 3d photoelectron spectra obtained from carbon steel samples treated in 
 5mM citric acid containing 1mM SeO3

2-
 and 10 ppm Sb(III) at 85oC under 

 deoxygenated condition; (a) LAL and  (b) IL. 
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 The chemical states of Se in LAL were analyzed in Fig. 4.27(a). The selenium 3d 

peak was very broad and deconvoluted into three peaks as shown in Fig. 4.27(a). These 

deconvoluted peak positions and their corresponding chemical states were shown in 

Table 4.10.  XPS analyses also supports XRD data for the formation of Seo and FeSe2 

compounds while XPS gave additional information of the presence Se4+. There was 

overlap of Se3d elemental peak with Fe3p peak; hence, relative distribution (%) among 

three peaks of Se was not done. 
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Fig. 4.28: Se 3d photoelectron spectra filtrate obtained from filtering the turbid solution 
 observed in CS exposure in 5mM citric acid containing 1mM SeO3

2-
 and 10 

 ppm Sb(III) at 85oC under deoxygenated condition. 
 

 The IL sample contains no Sb (Fig. 4.26(b)) as observed from the XPS analysis. 

The surface quantification indicated the presence of Se along with the Fe signal from the 

substrate (Table 4.11). The chemical state analysis of Se 3d peak for IL sample is shown 

in Fig. 4.27(b) and two distinct peaks were observed. The peak at 57.8 eV is due to the 

presence of Se4+ on the surface and another peak belongs to Fe3p peak (Table 4.10). In 
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these experiments, solution was seen to be brick red coloured with mild turbidity. The 

turbidity was filtered and characterized with XPS. XPS showed only Se 3d peak (Fig. 

4.28) at 55.7eV (Table 4.10). This peak belongs to Se elemental and the colour of the 

turbidity also supports the formation of Seo. It appears that as the formation of Seo was 

the prominent redox reaction and a large amount of loosely bound Seo formed on CS 

surface was released into the solution in suspended form which resulted in the red 

turbidity in solution.  

 

Table-4.10: Binding energy (eV) of Se 3d and Fe 2p3/2 photoelectron peaks for different 
 stages of SeO3

2- treated samples. 

Sample description 
Se 3d 
(eV) 

Fe2p3/2 
(eV) 

Remarks    
[Ref.] 

LAL (CA+Se+Sb in solution) 
52.7 
55.7 
58.7 

710.7 
FeSe2 [23] 

Seo [24]/ Fe3p 
Se4+ (SeO3

2-) [25]

IL (CA+Se+Sb in solution) 
55.8 
58.7 

711.1 
Fe3p 

Se4+ (SeO3
2-) [25]

Filtrate Sample  55.7 - Seo [24] 

 

Table-4.11: Quantification of chemical concentration of Fe, Sb, Se at different stages of 
 adsorption of Sb(III) in presence of  SeO3

2-passivators by XPS and ICP-AES 
 analyses. 

Sample Description Fe (at%) Se (at%) Sb (at%) 

Solution composition  (ICP-AES) -- 92.5 7.5 

IL (CA+Se+Sb in solution) 90.0 10.0 0.0 

LAL (CA+Se+Sb in solution) 90.6 7.7 1.7 

 

4.6.2.3 SEM Analysis 

 Surface morphology was taken for CS coupon exposed to SeO3
2- in organic 

acids under reducing condition at 85oC. The deposited material was loosely held instead 
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of a compact layer (Fig. 4.29). The deposition was similar to the case of solution 

containing only Sb(III) as shown in Fig. 4.8(a) case and the layer was not compact and 

continuous as shown in the Fig. 4.21(a). 

 

 

 

 

 

 
 
Fig. 4.29: SEM picture of carbon steel coupons exposed to SeO3

2- + Sb(III) in organic 
 acid at 85oC under reducing condition. 
 

 4.6.3 SeO3
2- and Sb(III) Sorption Mechanism on Carbon Steel  

XPS and XRD analysis showed the formation of Seo and FeSe2 compounds in 

LAL. XRD could not show any compound corresponding to Se4+ peak in XPS. The 

compound may be amorphous. In IL sample, only Se4+ peak was observed among Se4+, 

Seo and FeSe2.  

 It was reported that SeO3
2- formed aqueous Fe–Se species as FeSeO3

+ and 

FeHSeO3
2+ as inner-sphere complex on magnetite powder in pH <5. In the same system, 

precipitation of ferric selenite was the dominant retention process at a higher selenite 

concentration (>0.1 mM) [21]. As XPS data of IL sample showed presence of SeO3
2- and 

Fe3+ at the interface surface, it seems that SeO3
2- formed Fe-Se-Oxide as inner sphere 

complex on the CS SOH. Similarly, in LAL sample, SeO3
2- and Fe3+ were also found to 

co-exist. The presence of 1mM SeO3
2- (>0.1 mM) in solution may promote the formation 

10 m10 m
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of ferric selenite as a surface precipitate [21]. Formation of Seo and FeSe2 may be the 

result of the sorption/reduction process of SeO3
2- at the CS surface. The redox reaction 

takes place between SeO3
2- and Feo of CS surface and first formed Seo subsequently 

further reduced to FeSe2 compound.  

 

 

 

 

 

 

 

 

 

Fig. 4.30: Schematic diagram of SeO3
2- passivator inhibition mechanism. 

 

 Thus, it appears from the above observation that behavior of SeO3
2- is almost 

similar to Sb(III). But SeO3
2- is preferentially adsorbed on CS surface compared to 

Sb(III). As a result, Se formed a layer of surface complex on the CS and thereby the 

possibility of adsorption of Sb(III) is stopped. But, the SeO3
2- layer on the surface could 

not stop Fe dissolution (Fig. 4.11(Solid Bar)), the redox reaction at the surface led to the 

formation of surface precipitation. The surface precipitation reactions lead to the 

formation of FeSe2, Seo and small amount of Sb. This precipitated layer is obviously not 
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adhering to the surface. A schematic diagram is shown in Fig. 4.30 here which gives the 

probable mechanism of Sb(III) adsorption inhibition in presence of SeO3
2-. 

 

4.7 Summary 

Antimony(III) adsorption inhibition studies on CS surface were carried with 

organic corrosion inhibitors and passivators. Rodine 92B, as an organic corrosion 

inhibitor, could inhibit Sb(III) adsorption and iron release efficiently on CS surface. 

Rodine 92B could complete the task by developing a barrier layer on the CS surface 

through direct bonding between nitrogen of the inhibitor and the Fe of the substrate. 

Passivators like MoO4
2- and SeO3

2- could inhibit Sb(III) adsorption on CS surface. 

In the presence of MoO4
2-, Sb(III) adsorption was reduced to a great extent, but could not 

be stopped completely. Though, Sb(III) and MoO4
2- separately could not reduce Fe 

dissolution at low pH, but their simultaneous presence formed a compact barrier layer on 

the CS surface as a result reduced the Fe dissolution significantly. The reduction in iron 

dissolution reduced the redox reaction at the CS surface resulting in the reduction of 

surface precipitation of Sb.  

 Selenite was seen to form a surface complex with SOH on CS surface in the 

presence of Sb(III). As the anodic dissolution of Fe could not stop and further reduction 

reaction at the surface resulted in the formation of FeSe2, Seo and small amount of Sb. 

But, the surface complex formation with Sb(III) was completely stopped due to the 

presence of SeO3
2- in the solution. As a result inhibit Sb(III) adsorption was inhibited on 

the CS surface by the selenite. 
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Chapter 5 

 MINIMIZATION OF ANTIMONY(III) ADSORPTION ON MAGNETITE 

SURFACE 

 

5.1 Introduction 

 Studies were carried out to minimize Sb adsorption on the Fe3O4 surface under 

chemical decontamination conditions. It was observed in chapter 3 that Sb(III) adsorbs on 

Fe3O4 through the formation of Fe-O-Sb surface complex only. Thus the properties (e.g. 

complexation) of dissolved ingredients may also affect the Sb(III) adsorption on Fe3O4 

surface. As organic acids are used to maintain the pH of the medium, the complexation 

property of these acids is likely to interfere with Sb(III) adsorption on Fe3O4 surface. 

Hence, different complexing organic acids were selected on the basis of their complexing 

capability with Fe and Sb and were examined in the studies related to the minimization of 

adsorption of Sb on magnetite surface.  

 

5.2 Selection of Organic Acid to Minimize Sb(III) Adsorption on Magnetite 

 As discussed in the introduction the complicated nature of organic acids may 

affect the Sb(III) adsorption on Fe3O4 surface. Hence, different complexing organic acids 

were tried and the selection of the organic acids was carried out on the basis of its 

complexing capability with Fe and Sb. Antimony(III) is very poor complexing in nature 

and forms some complex only as chelate with selected complexant such as Tartaric Acid 

(TA), Lactic Acid (LAc), Citric Acid (CA), Oxalic Acid (OA) etc. Iron forms stable 

complex with various complexants (complexing agents) such as EDTA, Gallic Acid 
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(GA), NTA, Diethylene Triamine Pentaacetic Acid (DTPA) etc. Adsorption experiments 

were performed with 1mM concentration of these complexants, 10ppm Sb(III) at 85oC 

under reducing condition on 1.0g Fe3O4 powder in 250 ml solution. Since, NAC 

formulation is used during chemical decontamination, adsorption study with NAC was 

also carried out. In NAC case, adsorption was completed in 5 hours; thus studies on the 

impact of organic ligands were carried out for 5 hours only. Antimony adsorption and Fe 

dissolution behavior on the Fe3O4 powder in the medium containing these organic acids 

are shown in Fig. 5.1. It appears from the figure that Sb(III) adsorption and Fe dissolution 

varies from system to system despite the fact that all the experimental parameters were 

kept same. In case of Sb friendly acids like TA, LAc, CA and OA less Sb(III) adsorption 

was observed as (Fig. 5.1(shaded bar)) compared to Fe friendly complexes like EDTA, 

DTPA, NTA, GA and with NAC also. In the presence of acids like TA, LAc, CA, EDTA 

and DTPA, the Sb(III) adsorption increases along with the increase in Fe dissolution (Fig. 

5.1). In all other cases the adsorption behavior did not follow the same trend. The reason 

for these differences could be due to more than one process involved in deciding the 

Sb(III) adsorption on Fe3O4 powder, thus results did not follow any trend with different 

organic acids. 

 In one process, higher Sb(III) adsorption on surface occurred due to surface 

hydroxyl functional (SOH) groups generated due to iron complexation and dissolution 

from Fe3O4. In the organic acids mentioned here, carboxylic acid is the functional group 

for Fe dissolution from Fe3O4. Maximum Fe dissolution was observed (Fig. 5.1) with 

DTPA which has good chelation power. Dissolution of Fe from Fe3O4 generates more 

SOH groups on the Fe3O4 surface [1], and resulted in the adsorption of more amount of 
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Sb(III). In GA with one carboxylic group (in Table 5.1), lowest amount of Fe dissolution 

was seen. But very high amount of Sb(III) adsorption was observed. Though LAc also 

contains one carboxylic acid, iron dissolution was high due to higher dissociation 

constant of carboxylic group (Fig. 5.1). 

 

 

 

 

 

 

 
 
 
Fig. 5.1: Effect of different organic complexing agents on (a) Sb(III) adsorption 
 (Shaded Bar), and (b) Iron dissolution (Solid Bar) at 5 hours. 
 

Table 5.1:  Details of number of  -COOH and –OH groups in organic acids used here.  

S. 
No 

Organic 
Complexant 

No. of –
COOH 

No. of 
–OH 

Remarks 

1. Lactic Acid 1 1 
One set of adjacent functional groups 
of O=C-OH and C-OH 

2. Gallic Acid 1 3 
No adjacent functional groups of O=C-
OH and C-OH 

3. Oxalic Acid 2 0 
One set of adjacent functional groups 
of O=C-OH and O=C-OH 

4. 
Tartaric 

Acid 
2 2 

Two sets of adjacent functional groups 
of O=C-OH and C-OH 

5. Citric Acid 3 1 
One set of adjacent functional groups 
of O=C-OH and C-OH 

6. NTA 3 0 No Such set  

7. EDTA 4 0 No Such set 

8. DTPA 5 0 No Such set 
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 Another process could be the complexation behavior of organic acids with Sb(III) 

to decide the amount of Sb(III) adsorption. As mentioned in chapter III, presence of an 

adjacent set of carboxylic / hydroxyl functional groups in organic acid makes five-

membered bidendate chelate with Sb(III) as shown in Fig. 5.2 (gray colour) [2]. Table 5.1 

showed the possibility of such adjacent set of functional groups of different organic acids 

used here. It is evident from the table that TA has a maximum two such sets and hence 

the maximum complexation possibility with Sb(III) in solution. As a result, there was 

minimum adsorption of Sb(III) on Fe3O4 in TA medium.    

 

Fig. 5.2: Schematic presentation of Sb(III) as five-membered bidendate chelate with 
 adjacent set of carboxylic / hydroxyl functional groups in organic acid. 
 

 As minimum Sb(III) adsorption was observed on Fe3O4 in the presence of TA. 

Further studies were carried out therefore only in TA to optimize other conditions to 

reduce further Sb(III) adsorption on Fe3O4. Optimization of TA concentration and 

suitable pH were done to minimize Sb(III) adsorption. Efforts were made to reduce 
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further Sb(III) adsorption on Fe3O4 powder through the addition of other organic acids, 

the addition of cations or oxyanions and surface modification of Fe3O4 surface. 

 

 

 

 

 

 

 

 

Fig. 5.3: Effect of Tartaric Acid concentration variation on (a) (Open Circle) Sb(III) 
 adsorption, and (b) (Solid Square) Iron dissolution at 5 hours. 
 

5.2.1 Effect of Concentration Variation in Tartaric Acid on Sb(III) Adsorption on 

Magnetite   

 Various concentrations of TA starting from 0.5mM to 5mM was tried to find the 

adsorption behavior of Sb(III) on Fe3O4. Antimony(III) adsorption and Fe dissolution 

behavior for 5 hours of exposure are shown in Fig. 5.3. Adsorption of Sb(III) was 

increased with an increase in the TA concentration. It has been discussed earlier that 

adsorption of Sb(III) on Fe3O4 depends on SOH groups on the Fe3O4 surface and 

complexation behavior of organic acid with Sb(III). The equation for these phenomena 

can be as follows: 

  SOH + Sb = SO-Sb + H+ ……. (5.1) 

  TA + Sb = TA-Sb ....... (5.2) 
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  TA + Fe = TA-Fe ....... (5.3) 

 

 From equation (5.1), it is clear that Sb(III) adsorption increases with the increase 

in availability of SOH group at surfaces. So increase in TA concentration increases Fe 

dissolution and SOH group on the surfaces. Similarly, TA-Sb complex formation 

depends on the concentration of TA as seen from the equation (5.2). Though in the 

experiments carried out, the concentrations of TA (0.5mM to 5.0mM) were very high 

compared to Sb(III) (0.08mM), majority of  TA was consumed to form complex with 

dissolved iron as shown in equation (5.3). As a result free TA was not available to 

complex with Sb and thus resulted in more adsorption on Fe3O4. Antimony(III) 

adsorption was lowest at 0.5mM -1.0 mM concentration of TA and hence 1mM TA 

concentration were chosen for further studies. 

 

 

 

 

 

 

 

 

Fig. 5.4: Effect of pH variation on with 1mM Tartaric Acid on (a) Sb(III) adsorption 
 (Open Circle), and (b) Iron dissolution (Solid Square). 
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5.2.2 Effect of pH on Sb(III) Adsorption on Magnetite in Tartaric Acid  

 Sb(III) adsorption studies were carried out in the pH range of 3.0 to 5.5 as shown 

in Fig. 5.4. Antimony(III) adsorption increased with an increase in the pH but Fe 

dissolution was decreased. This observation was reversed as compared to the previous 

observation where Sb(III) adsorption was enhanced with increase in Fe dissolution. 

Though the availability of SOH group decreased with increase in pH due to less 

dissolution of Fe from Fe3O4, adsorption of Sb(III) was expected to be reduced as 

indicated in equation (5.1). But the higher amount of adsorption could be due to the 

enhanced affinity of Sb to OH- with increasing pH. Marie Tella, et. al. observed that  

Sb(oxalate)2 was more stable in oxalic acid below pH 5.0 while Sb(oxalate)(OH)2 was 

more stable above pH 5.0 [2]. This instability of Sb-TA complexation with increase in pH 

raised available Sb(III) oxyanion in the solution which gets adsorbed on the available 

positively charged Fe3O4 surfaces. As seen from Fig. 5.4(a), minimum Sb(III) adsorption 

was observed for pH 3.5, and Fe3O4 dissolution also drastically reduced at pH 3.5 in 

comparison to pH 3.0. The optimization of Fe dissolution and Sb(III) adsorption led to 

select pH 3.0 for further studies. 

 

5.2.3 Effect of Other Organic Complexant on Sb(III) Adsorption on Magnetite 

 As we have seen that the presence of complexant affects the Sb(III) adsorption on 

Fe3O4, role of different organic complexants in association with 1mM TA was studied. 

The selection of organic complexants was carried out on the basis of complexation 

property with Fe and Sb(III). DTPA and Phenanthroline are known to form Fe complex 

where as Pyrogallol Red (PR) favors the formation of Sb(III) complex.  Two other 
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organic acids viz. Ascorbic acid (AA) and GA were also tried though their complexation 

properties are poor with Fe and Sb(III). Since, these organic acids only change the acidity 

of the solution with less effect on the complex formation in the solution, the observations 

would help to further understand the system. In the case of 1mM DTPA and 1mM GA, 

Sb(III) adsorption was more as compared to one observed in medium containing only 

1mM TA. While with 1mM phenanthroline slightly less adsorption of Sb(III) on Fe3O4 

was observed when compared with 1mM TA only (Fig. 5.5A). Iron dissolution 

measurement was also carried out in each case as shown in Fig. 5.5B. In general, we 

know higher iron dissolution means higher Sb(III) adsorption due to generation of more 

SOH groups on Fe3O4 as observed with DTPA and GA. In case of DTPA addition, there 

was an increase in Fe dissolution as shown in Fig. 5.5B(b) which resulted in the 

generation of SOH group and enhancement of Sb(III) adsorption. But, the dissolution of 

iron in the case of 1mM GA was less compared to 1mM DTPA system (Fig. 5.5B). The 

reason could be the poor complexing property of GA as compared to DTPA, as a result it 

could not hold dissolved Fe. Thus, dissolved Fe competed with Sb(III)-TA complex to 

make Fe-TA complex and subsequently free Sb(III) which got adsorbed on Fe3O4 

surface. In the case of 1mM Phenanthroline, there was a decrease in Fe dissolution as 

shown in Fig. 5.5B(c). As a result, availability of SOH groups was reduced to adsorb 

Sb(III) on Fe3O4. Phenanthroline is also a good complexant for Fe ion but not good 

reagent for Fe3O4 dissolution. Hence, availability of TA increases and forms complex 

with Sb(III) to keep it in solution instead of adsorption  on Fe3O4 surface. This results in 

less amount of Sb(III) adsorption on Fe3O4 powder (Fig. 5.5A(C)). 
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Fig. 5.5: Effect of different organic complexants with 1mM Tartaric Acid on Sb(III) 
 adsorption on Fe3O4 A. (a) No other organic complexant, (b) 1mM DTPA, 
 (c) 1mM GA, and (d) 1mM phenanthroline; Iron dissolution from Fe3O4 B. (a) 
 No other organic complexants, (b) 1mM DTPA, (c) 1mM GA, and (d) 1mM 
 phenanthroline. 
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Fig. 5.6: Effect of different organic complexants with 1mM Tartaric Acid on Sb(III) 
 adsorption on Fe3O4 A. (a) No other organic complexants, (b) 1mM PR, and 
 (c) 1mM AA; Iron dissolution from Fe3O4 B. (a) No other organic 
 complexants, (b) 1mM PR, and (c) 1mM AA. 
 

 Pyragllol Red (PR) is a known complexing agent that forms stable complex with  

Sb(III) under acidic condition. Thus, it is possible that PR made complex with Sb(III) and 

0

0.1

0.2

0.3

0.4

0.5

0 50 100 150 200 250 300

Time (min)

S
b

 A
d

s
o

rp
ti

o
n

 (
F

ra
c

ti
o

n
)

0

30

60

90

120

150

0 50 100 150 200 250 300

Time (min)

F
e

 C
o

n
c

. (
p

p
m

)

(a)

(b)

(c)

(a)

(b)

(c)

A

B

0

0.1

0.2

0.3

0.4

0.5

0 50 100 150 200 250 300

Time (min)

S
b

 A
d

s
o

rp
ti

o
n

 (
F

ra
c

ti
o

n
)

0

30

60

90

120

150

0 50 100 150 200 250 300

Time (min)

F
e

 C
o

n
c

. (
p

p
m

)

(a)

(b)

(c)

(a)

(b)

(c)

A

B



Chapter 5: Minimization of Antimony(III) Adsorption on Magnetite Surface 143 

 

thereby held Sb(III) in solution thereby reducing the possibility of adsorption on Fe3O4. 

Antimony(III) adsorption was tried in 1mM PR along with 1mM TA, but Sb adsorption 

was increased compared to the case of 1mM TA alone in solution (Fig. 5.6A). Iron 

dissolution was also observed to increase compared to the case of 1mM TA (Fig. 5.6B). 

The initial colour of PR added solution was red, but gradually it became purple and 

returned back to red after addition of acid. The change in color is assumed to be due to 

the increase in pH during Fe dissolution, which resulted in breaking of PR-Sb complex 

that favored the increase in Sb(III) adsorption on Fe3O4 due to the availability of more 

SOH on Fe3O4 caused by Fe dissolution. Ascorbic acid, having adjacent hydroxyl groups 

supports some complexation with Sb(III). Here, 2mM AA along with 1mM TA was tried 

and slightly lower amount of Sb(III) adsorption was observed as shown in Fig. 5.6A(c). 

There was no effect of AA on iron dissolution (Fig. 5.6B(c)), as a result no extra 

generation of SOH groups on magnetite surface. As AA has complexing tendency with 

Sb(III), it retained Sb(III) in solution instead of adsorption on Fe3O4 surface. Thus, 

slightly less amount of Sb(III) adsorption was observed on the Fe3O4 surface in this case. 

 

5.2.4 Effect of Oxyanion on Sb(III) Adsorption on Magnetite 

 As antimony(III) is an oxyanion, other oxyanions may affect the Sb(III) 

adsorption on Fe3O4. Experiments on the adsorption of Sb on magnetite were performed 

with oxyanions viz. MoO4
2- and H2PO4

1- along with TA. In both oxyanions, there was an 

increase in Sb(III) adsorption and decrease in iron dissolution (Fig. 5.7). As MoO4
2- is 

also an oxyanion and oxyanions adsorb over Fe3O4 surface in acidic solution. Here, 

around 0.33mM of MoO4
2- was adsorbed on the Fe3O4 surface from 1mM MoO4

2- in 
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solution and around 0.2mM of MoO4
2- was adsorbed on the Fe3O4 surface from 0.5mM 

MoO4
2- in solution within 5 hours of experiment. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7: Effect of oxyanions with 1mM Tartaric Acid on Sb(III) adsorption on Fe3O4 

 A. (a) No other ions, (b) 0.5mM MoO4
2-, (c) 1.0mM MoO4

2-, and (d) 0.5mM 
 H2PO4

1-; Iron dissolution form Fe3O4 B. (a) No other ions, (b) 0.5mM MoO4
2-, 

 (c) 1.0mM MoO4
2-, and (d) 0.5mM H2PO4

1-. 
 
 Such a high concentration adsorption of MoO4

2- was not just a result of surface 

complexation alone but due to surface precipitation [3]. The phenomena of surface 

precipitation was supported by the reduction in extent of Fe dissolution in both 

concentrations compared to pure 1mM TA case as shown in Fig. 5.7B(b). The reduction 

0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300

Time (min)

(a)

(b)

(c)

(d)

A
S

b
A

d
s

o
rp

ti
o

n
 (

F
ra

ct
io

n
)

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300

Time (min)

F
e 

C
o

n
c 

(p
p

m
)

(a)

(b)

(c)
(d)

B

0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300

Time (min)

(a)

(b)

(c)

(d)

A
S

b
A

d
s

o
rp

ti
o

n
 (

F
ra

ct
io

n
)

0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300

Time (min)

(a)

(b)

(c)

(d)

A
S

b
A

d
s

o
rp

ti
o

n
 (

F
ra

ct
io

n
)

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300

Time (min)

F
e 

C
o

n
c 

(p
p

m
)

(a)

(b)

(c)
(d)

B

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300

Time (min)

F
e 

C
o

n
c 

(p
p

m
)

(a)

(b)

(c)
(d)

B



Chapter 5: Minimization of Antimony(III) Adsorption on Magnetite Surface 145 

 

of Fe in solution was due to surface precipitation as a Fe-O-Mo compound [4]. The 

reduction in Fe dissolution was less in the case of 0.5mM MoO4
2- compared to 1mM 

MoO4
2- due to higher precipitation of Mo in case of 1mM MoO4

2-. It appears that along 

with MoO4
2-, Sb(III) was also removed through surface co-precipitation on Fe3O4 powder 

which resulted in increase in Sb(III) adsorption on Magnetite [5]. Antimony(III) 

adsorption experiment was also performed with 0.5mM H2PO4
1- oxyanion and 1mM TA. 

There was not much reduction in Sb(III) adsorption (Fig. 5.7A(d)) and in iron dissolution 

(Fig. 5.7B(d)). It may be because the surface precipitation phenomena that was not that 

prominent as in the case of MoO4
2-. 

  

5.2.5 Effect of Cations on Sb(III) Adsorption on Magnetite 

 Antimony(III) adsorption studies were carried out in the presence of different 

cations (Fe2+, Mn2+ and Mg2+). As Fe2+ is the dissolution product of Fe3O4, some 

experiments were performed to see the effect of dissolved iron on Sb(III) adsorption on 

Fe3O4 in the presence of 1mM TA. Experiments were performed at two concentrations, 

e.g.  30 ppm and 60 ppm which was obtained by the addition of iron powder in 1mM TA 

solution. After dissolution of iron and Sb(III), Fe3O4 powder was added in the solution. 

Adsorption of Sb(III) increased with increase in initial Fe concentration (Fig. 

5.8A(b)&(c)), though at the end of experiments more or less same Fe concentration was 

observed in solution (Fig. 5.8B). The reason could be the initial addition of Fe formed 

complex with TA. As a result, availability of free TA becomes less to make complex with 

Sb(III) and subsequently free Sb(III)  was available to interact with SOH groups of Fe3O4 
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through equation (5.1). Thus with the initial addition of Fe, free Sb(III) in the solution 

and free SOH on the Fe3O4 surface are available to adsorb more Sb(III) on Fe3O4 powder. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.8: Effect of Fe2+ with 1mM Tartaric Acid on Sb(III) adsorption on Fe3O4 A. (a) 
 No other ions, (b) 30ppm Fe, and (c) 60ppm Fe; Iron dissolution form Fe3O4 
 B. (a) No other ions, (b) 30ppm Fe, and (c) 60ppm Fe. 
 

  Experiments were carried out to see the effect of foreign cations (5ppm Mn2+ and 

5ppm Mg2+) in Sb(III) adsorption on Fe3O4. In both experiments, Sb(III) adsorption 

behaved similarly and was increased compared to pure 1mM TA as shown in Fig 5.9A. 
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Iron dissolution in both the cases was not much changed compared to pure 1mM TA as 

shown in Fig. 5.9B. Monika Stachowicz et. al. observed, similar type synergic effect of   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 5.9: Effect of other cation with 1mM Tartaric Acid on Sb(III) adsorption on Fe3O4 

 A. (a) No other ions, (b) 5ppm Mn2+, and (c) 5ppm Mg2+; Iron dissolution 
 form Fe3O4 B. (a) No other ions, (b) 5ppm Mn2+, and (c) 5ppm Mg2+. 
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PO4
3- adsorption on FeOOH in presence of Ca2+ and Mg2+ in [6]. The reasons of such 

effects were explained with charge distribution (CD) model. The CD model is a surface 

complexation model in which the electrostatic energy contribution is calculated based on 

a distribution of the charge on two electrostatic planes which are surface plane and Stern 

layer plane (also called 1-plane). According to CD model, adsorption depends upon the 

surface potential of oxide viz. Fe3O4 and the potential in the 1-plane. The surface 

potential of iron oxide depends dominantly on the pH of the solution while the potential 

of 1-plane depends on adsorbing ions [6] viz. Sb(III)  oxyanions, cations viz. Mn2+ and 

Mg2+. Overall potential (including Surface potential and 1-plane potential) of oxide viz. 

Fe3O4 should be positive to adsorb oxyanions. Binding of more oxyanion (Sb(III)) on 

Fe3O4 is limited due to the development of negative potential via. oxyanion Sb(III) 

adsorption. But the negative potenital of the surface is covered up due to electrostatic 

interaction of Mg2+ or Mn2+. As a result, Sb(III) oxyanion and Mg2+ or Mn2+ mutually 

stimulate their adsorption on Fe3O4 surface. 

 

5.2.6 Effect of Rodine 92B on Sb(III) Adsorption on Magnetite 

 Corrosion inhibitor, Rodine 92B worked effectively in inhibiting the adsorption of 

Sb(III) on CS surface. Thus, some studies were performed to see the effect of Rodine 

92B on the adsorption behavior of Sb(III) on Fe3O4 surface. Antimony(III) adsorption is 

slightly increased in the presence of Rodine 92B in 1mM TA as shown in Fig. 5.10A. 

Small reduction in Sb(III) adsorption was observed in 1000ppm Rodine 92B compared to 

100ppm Rodine 92B (Fig. 5.10A(b)&(c)). Rodine 92B may be acting as a complexant 

through N- groups and thereby promoting Fe dissolution. The higher concentration of 
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Rodine 92B (1000ppm) might have developed a porous barrier layer, as a result slight 

reduction in Sb(III) adsorption was observed compared to 100ppm Rodine 92B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.10: Effect of Rodine 92B with 1mM Tartaric Acid on Sb(III) adsorption on Fe3O4 

 A. (a) No other ions, (b) 100ppm Rodine 92B, and (c) 1000ppm Rodine 92B; 
 Iron dissolution form Fe3O4 B. (a) No other ions, (b) 100ppm Rodine 92B, 
 and (c) 1000ppm Rodine 92B. 

 

 
 

 

0

0.1

0.2

0.3

0.4

0 50 100 150 200 250 300

Time (min)

S
b

 A
d

so
rp

ti
o

n
 (

F
ra

ct
io

n
)

0

20

40

60

80

100

0 50 100 150 200 250 300

Time (min)

F
e 

C
o

n
c 

(p
p

m
)

(c)

(a)

(b)

(c)

(a)

(b)

A

B

0

0.1

0.2

0.3

0.4

0 50 100 150 200 250 300

Time (min)

S
b

 A
d

so
rp

ti
o

n
 (

F
ra

ct
io

n
)

0

20

40

60

80

100

0 50 100 150 200 250 300

Time (min)

F
e 

C
o

n
c 

(p
p

m
)

(c)

(a)

(b)

(c)

(a)

(b)

A

B



Chapter 5: Minimization of Antimony(III) Adsorption on Magnetite Surface 150 

 

5.2.7 Effect of Surface Modification of Fe3O4 on Sb(III) Adsorption 

 As previous studies showed that the adsorption of Sb(III) was mediated by SOH 

groups on Fe3O4 surface. It was presumed that the adsorption of Sb(III) may be reduced 

by replacing the SOH groups with non functional aliphatic or aromatic compounds. 

Lauric acid (LA) and Benzoic acid (BA) were used to modify the surface of Fe3O4 as 

these acids have a mono carboxylic group which would interact with the SOH group 

through the following equation (5.4): 

 Fe-OH + HOOC-R     Fe-OOC-R + H2O ....... (5.4)   
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Fig. 5.11: FT-IR data of (a) Lauric Acid treated Fe3O4, and Sb(III) & 1mM TA exposed 
 Lauric acid treated Fe3O4. 
 

 Lauric acid (LA) was used for surface modification of Fe3O4 as a mono 

carboxylic group aliphatic acid. In the surface modification process, LA was added in 

small amount due to its very less solubility in aqueous solution. Although LA treated 

Fe3O4 was hydrophobic in nature, still there was OH stretch observed in FTIR analysis as 

shown in Fig. 5.11(a) [7]. But the OH stretch was absent after the treatment with Sb(III) 
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and TA (Fig. 5.11(b)) due to interaction in Sb(III) with OH functional group of Fe3O4. 

Antimony(III) adsorption studies showed (Fig. 5.12A(b)) that though there was less 

adsorption initially but it reached to the quantity of untreated surface within 250 minutes. 

Iron dissolution was not affected (Fig. 5.12B(b)) due to the surface modification with LA. 

The observation implies that though existing OH functional groups were modified by LA, 

it was not done completely.  Simultaneous generation of new OH functional groups on 

Fe3O4 surface due to dissolution of Fe (Fig. 5.12B(b)) caused  adsorption of  Sb(III) on 

Fe3O4 to the saturation quantity. 

 Similarly surface modification of Fe3O4 was carried out with BA as a mono 

carboxylic group aromatic acid. Solubility of BA with respect to LA is good in aqueous 

medium. Hence good amount of BA was used during the surface modification process of 

Fe3O4. The surface modification process was effective as there was no OH stretch 

observed in FTIR analysis (Fig. 5.13(a)) [7]. This OH stretch was absent after the 

treatment with Sb(III) in TA (Fig. 5.13(b)). The reason could be the lack of any effect of 

TA on the treated Fe3O4 or due to interaction of Sb(III) and newly generated OH 

functional group of the treated Fe3O4. In adsorption study, there was no Sb(III) 

adsorption till 30 minutes of the experiment (Fig. 5.12A(c)). In Fig. 5.12(c) it is observed 

that Sb(III) absorption almost reached to the saturation level but the rate was very slow 

compared to the unmodified case. Iron dissolution from BA treated Fe3O4 sample was 

very less compared to the plain system as shown in Fig. 5.12B(c). This led to a slow 

generation of the OH functional group and hence adsorption of Sb(III) was slow and less.  

 

 



Chapter 5: Minimization of Antimony(III) Adsorption on Magnetite Surface 152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 5.12: Effect of surface modification of Fe3O4 with 1mM Tartaric Acid on Sb(III) 
 adsorption on Fe3O4 A. (a) No surface modification, (b) surface modification 
 with Lauric Acid, and (c) surface modification with Benzoic Acid; Iron 
 dissolution from Fe3O4 B. (a) No surface modification, (b) surface 
 modification with Lauric Acid, and (c) surface modification with Benzoic 
 Acid. 
 

5.2.8 Overall Performance of Tartaric Acid to Minimize Adsorption of Sb(III)  on 

Fe3O4 Powder 

 Though 1mM TA gave minimum Sb(III) adsorption on Fe3O4 among various 

applied organic acids, further minimization of Sb(III) adsorption on Fe3O4 was tried 
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through the addition of other organic acids, the addition of other cation or oxyanion and 

surface modification of Fe3O4 powder. A comparative graph for Sb(III) adsorption and  
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Fig. 5.13: FT-IR data of (a) Benzoic Acid treated Fe3O4, and Sb(III) & 1mM TA 
 exposed benzoic acid treated Fe3O4. 
 

 

 

 

 

 

 

 

 

Fig. 5.14: Effect of different organic complexants and 1mM TA on (a) Sb(III) 
 adsorption on Fe3O4 powder (Shaded Bar), and (b) Iron dissolution on Fe3O4 
 powder (Solid Bar). 
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iron dissolution is shown in Fig. 5.14 for the above attempts. Only two cases, 1mM TA + 

1mM phenanthroline and 1mM TA + BA modified Fe3O4 powder gave less Sb(III) 

adsorption compare to the pure 1mM TA system as shown in Fig. 5.14. Out of these two 

1mM TA + 1mM phenanthroline gave minimum Sb(III) adsorption as well as good iron 

dissolution also which is required for chemical decontamination. So the combination of 

1mM TA and 1mM phenanthroline at pH = 3.0 is the best among the studied system here. 

 

5.3 Sb(III) Adsorption on Magnetite Coated Carbon Steel Surface 

 Antimony(III) adsorption studies were carried out on thick (~30) and thin 

(~0.8 Fe3O4 coated CS as mentioned in chapter 3. It was observed that thick Fe3O4 

coated CS behaved similar to Fe3O4 powder while thin Fe3O4 coated CS behaved 

somewhat similar to plain CS surface. In chapter 4, it was shown that the passivator 

MoO4
2- inhibited Sb(III) adsorption effectively on CS surface. In this chapter we found 

that in the presence of TA, minimum Sb(III) was adsorbed on Fe3O4 powder. As in the 

case of thin Fe3O4 coated CS surface, Sb(III) and organic acid have access to both CS and 

Fe3O4 surface, thus adsorption may take place at both places. Hence, Sb(III) adsorption 

experiment were performed with MoO4
2- and TA to see their effectiveness in Sb(III) 

adsorption inhibition on thin Fe3O4 coated CS surface. Three experiments were 

performed with 6.2cm2 surface area of the specimen in 250ml solution. Experiments in (i) 

only NAC formulation, (ii) ‘NAC + 1mM MoO4
2-’ and (iii) 1mM TA formulation along 

with 10ppm Sb(III) and at 85oC. The experiments were performed under reducing 

conditions. Antimony(III) adsorption was not observed with 1mM MoO4
2- upto 150 

minutes and then a small adsorption  was observed (18%) as shown in Fig. 5.15A(b). 
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Tartaric acid reduced Sb(III) adsorption more effectively compared to only NAC 

formulation as shown in Fig. 5.15A(a)&(b). Iron dissolution was observed to be lower in 

1mM TA compared to that for ‘NAC + 1mM MoO4
2-’ (Fig. 5.15B(b)&(c)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.15:  Sb(III) adsorption behavior on thin magnetite coated CS area 6.2cm2 at 85oC 
 under reducing condition A. Sb(III) adsorption (a) NAC, (b) NAC + 1mM 
 MoO4

2- and (c) 1mM TA; B iron dissolution (a) NAC, (b) NAC + 1mM 
 MoO4

2- and (c) 1mM TA. 
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 In the presence of only NAC formulation, the surface of the CS coated with 

thin magnetite was completely disturbed compared to un-exposed specimen as shown in 

Fig. 5.16(a)&(b). Presence of MoO4
2- arrested the surface disturbance caused by iron 

dissolution (Fig. 5.16(c). EDS analysis showed that more than 50% (atomic) of Mo was 

present on the exposed surface. Tartaric acid exposed surface was not much disturbed 

except in some places as shown in Fig. 5.16(d). The disturbed surface with tartaric acid is 

indicated as a black colored circle denoted with ‘A’. The composition of disturbed 

surface was measured at location ‘A’ in the Fig. 5.16(d) and it was 5.5% (atomic) Sb and 

remaining Fe. While the composition of undisturbed surface was measured at location 

‘B’ in the Fig. 5.16(d) and it was 1.4% (atomic) Sb and remaining Fe.  

 It is known from the previous studies reported here that MoO4
2- makes a barrier 

on CS surface and inhibits Sb(III) adsorption and iron dissolution. While MoO4
2- does not 

prevent Sb(III) adsorption on Fe3O4 and dissolution of Fe3O4. It appears that NAC 

formulation could dislodge the thin layer of Fe3O4 from the CS surface but could not 

dissolve iron. As a result the thin Fe3O4 layer was dissolved completely from the CS 

surface and subsequently MoO4
2- could make a barrier layer on the CS surface to prevent 

Sb(III) adsorption effectively. 

 Studies reported earlier in this work indicate that in the presence of TA, Sb(III) 

adsorption was minimum on Fe3O4 surface. While TA could not prevent Sb(III) 

adsorption on CS surface. As the effective acidity of TA was less than that of NAC 

formulation, iron dissolution rate was very low in TA compared to NAC formulation. 

Thus, the thin Fe3O4 layer did not dissolve completely from the CS surface. Hence, 

Sb(III) adsorption was lesser in TA than in NAC formulation. The SEM study showed 
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that there was disturbance at some place of TA treated specimen as indicated ‘A’ in Fig. 

5.16(d). In fact these parts (A) showed higher Sb adsorption compare to another part of 

the specimen. The disturbed location contains more CS surface exposure and TA does not 

control Sb(III) adsorption on the CS surface. 

 

 

  

 

 

 

 

 

 

 

 
 
 
Fig. 5.16: SEM picture of (a) Thin magnetite coated CS coupons, (b) Thin magnetite 
 coated CS coupons exposed to NAC, (c) Thin magnetite coated CS coupons 
 exposed to NAC + MoO4

2-, and (d) Thin magnetite coated CS coupons 
 exposed to 1mM TA. 
   

 In nuclear power plants, there are some locations where the thicker Fe3O4 coating 

on CS surface is present (headers and general piping) where as while some places contain 

a thin coating on the CS surface (outlet feeders). As our studies showed that MoO4
2- 

could prevent Sb (III) adsorption on thin Fe3O4 coated CS and the plain CS surface while 
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TA controls the same on Fe3O4 surface. So a combination of MoO4
2- and TA could 

prevent Sb(III) adsorption over the entire range of Fe3O4 and CS surfaces.  

 

5.4 Summary 

 The adsorption was found to be influenced by several parameters such as 

temperature, pH, and type of organic acids that has a direct relation with the complexing 

property with Sb. Tartaric Acid showed minimum Sb(III) on Fe3O4 among studied 

organic acids. Antimony(III) adsorption was increased with tartaric acid in the presence 

of other oxyanions such MoO4
2-, H2PO4

1- or cations such Mn2+, Mg2+. The changes in the 

adsorption were explained in terms of the iron dissolution, which in turn influences the 

abundance of the SOH group. The presence of another complexing agent particularly 

phenathroline reduced the Sb(III) adsorption along with tartaric acid. An attempt was 

made to chemically modify the SOH by adding lauric acid or benzoic acid in solution, but 

the adsorption process only delayed, without changing much the quantity of saturation 

adsorption of Sb on Fe3O4 surface.  

 Antimony(III) adsorption studies on thin Fe3O4 coated CS specimen showed 

‘MoO4
2- with NAC’ effectively inhibits Sb(III) adsorption compared to TA. However for 

a full system, addition of TA along with ‘MoO4
2- with NAC’ also helps.  
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Chapter 6 

CONCLUSIONS 

 

In several nuclear power plants radioactive antimony isotopes (122Sb, 124Sb) have been 

released during the chemical decontamination process. The released Sb activity is 

preferentially picked up on the surfaces of PHT system components especially on Fe3O4 

coated carbon steel surface instead of cation exchange resin, primarily due to the anionic 

nature of these isotopes containing species. As a result, an increase in the radiation field 

around the out-of-core surfaces has been observed even after a chemical decontamination 

process. The mechanism of Sb adsorption on CS alloy and Fe3O4 surfaces have been 

explored under chemical decontamination conditions. Subsequently, a suitable method 

has been devised to inhibit Sb deposition on CS and Fe3O4 surfaces. 

 Antimony exhibits multivalency (-3, 0, +3 and +5). During a chemical 

decontamination, antimony is dissolved by the decontamination formulation. Hence, Sb 

dissolution studies were carried out to identify possible Sb species that existed in solution 

which is responsible for the deposition on CS surfaces. Dissolution studies showed that 

only Sb(III) and Sb(V) species are soluble under chemical decontamination condition. 

Both Sb(III) and Sb(V) species are stable under the decontamination condition due to the 

slow rates of redox reactions between them even though a reducing condition is 

prevailing in solution.  

 Antimony adsorption studies on the CS metal surface showed that Sb(V) does not 

adsorb on the CS surface in the decontamination condition while Sb(III) is adsorbed on 

the CS surface following first order reaction kinetics. Surface characterization studies 
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showed that Sb(III) migrated to the surface of the CS and formed  bonds with O site of 

Fe-OH, resulting in the formation of a layer of Fe-O-Sb complex on the surface. 

Subsequently, further adsorption of Fe2+ and Sb(III) on the layer initiated the formation 

of surface precipitation of amorphous FeSb2O4 compound. Simultaneously, the red-ox 

reactions at the surface resulted in the formation of Sbo. 

 As these studies showed that during chemical decontamination process iron 

dissolution from CS surface promotes adsorption of Sbo due to redox reaction along with 

surface adsorption of Fe-O-Sb compound, it is expected that inhibition in iron dissolution 

from CS surface can prevent Sb adsorption on the CS surface. Various corrosion 

inhibitors for CS were considered to inhibit Sb(III) adsorption on CS. Two classes of 

corrosion inhibitors were used here (1) Organic inhibitors and (2) Passivators. 

Rodine 92B as an organic corrosion inhibitor was found to inhibit Sb(III) 

adsorption efficiently on CS surface. Rodine 92B works by developing a barrier layer on 

the CS surface through direct bonding between nitrogen of the inhibitor and Fe of the 

substrate. 

Passivators such as MoO4
2- and SeO3

2- inhibit Sb(III) adsorption on CS surface. In 

presence of MoO4
2-, Sb(III) adsorption was reduced to a great extent. Though, Sb(III) and 

MoO4
2- separately could not reduce Fe dissolution at low pH, their simultaneous presence 

formed a compact barrier layer on the CS surface which in turn reduced the Fe 

dissolution significantly. The reduction in iron dissolution reduced the redox reaction at 

the CS surface resulting in the reduction of surface precipitation of Sb.  

 Passivator, SeO3
2- reduced the Sb(III) adsorption on CS surface. This study 

showed the adsorption behavior of SeO3
2- on CS surface was almost similar to Sb(III) 
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adsorption behavior. Selenite was seen to form surface complex with SOH preferentially 

on the CS surface in the presence of Sb(III). As the anodic dissolution of Fe was not 

stopped in the presence of selenite, the reduction reaction at the surface resulted in the 

formation of FeSe2, Seo and small amount of Sb. But, the surface complex formation with 

Sb(III) was completely stopped due to the presence of SeO3
2- in the solution. As a result 

the process inhibits Sb(III) adsorption on CS surface. 

 Antimony adsorption studies on Fe3O4 powder surface showed that surface 

hydroxyl (SOH) functional groups play a vital role in the adsorption of Sb(III) on Fe3O4 

surface. These S-OH groups become protonized in acidic solution and attracts Sb(III) 

oxyanions through Coulombic interactions. Antimony(III) oxyanions make primary 

surface complex due to condensation or deprotonation reactions.  

 Adsorption experiments performed for a long duration, showed the desorption of 

adsorbed Sb(III) from Fe3O4 powder surface in the NAC formulation at 85oC after 3-5 

hours. Release of Fe from Fe3O4 surface even after complete adsorption of Sb(III) causes 

the desorption of Sb(III) from Fe3O4 surface. The released Sb(III) was not absorbed back 

on Fe3O4 surface, may be it is released from the surface as ligand-Fe-O-Sb complex 

instead of free Sb(III).  

 The adsorption of Sb(III) on Fe3O4 was found to be influenced by several 

parameters such as temperature, pH and type of organic acids that has a direct relation 

with the complexing property with Sb. In tartaric Acid medium, lowest amount of Sb(III) 

was adsorbed on Fe3O4 among the several organic acids studied in this work. 

Antimony(III) adsorption was increased with TA in the presence of other oxyanions such 

as MoO4
2-, H2PO4

1- or cations such Mn2+, Mg2+. The changes in the adsorption properties 
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were explained in terms of the iron dissolution, which in turn influences the abundance of 

the SOH group on magnetite surface. The presence of another complexing agent 

particularly phenanthroline reduced the Sb(III) adsorption along with tartaric acid. An 

attempt was made to chemically modify the SOH by adding lauric acid or benzoic acid in 

solution, but the adsorption process only delayed without changing much the quantity of 

saturation adsorption of Sb on Fe3O4 surface.  

 In nuclear power plants, CS surface develops a layer of Fe3O4 of varying 

thickness. Hence, Sb(III) adsorption experiments were performed with the Fe3O4 coated 

CS surface. Antimony(III) adsorption behavior on the thick Fe3O4 coated CS surface was 

similar to Sb(III) adsorption on Fe3O4 powder. While with thin Fe3O4 coated CS surface, 

Sb(III) adsorption behavior was similar to Sb(III) adsorption on CS surface. 

Antimony(III) adsorption studies on thin Fe3O4 coated CS specimen showed ‘MoO4
2- 

with NAC’ effectively inhibited Sb(III) adsorption more efficiently compared to TA. 

Thick Fe3O4 coated CS surface would adsorb less Sb(III) in TA medium.  

 

Scope for Further Study 

 In this study, the main emphasis was given to understand the adsorption 

mechanism of Sb on CS and Fe3O4 surfaces in decontamination condition. Subsequently, 

methods were devised to inhibit Sb adsorption on these surfaces. All the experiments 

performed in this work were in batches. However, in real systems, as chemical 

decontamination is carried out in regenerative mode by continuously regenerating the 

formulation by passing through a cation resin, further study is required to validate the 

observations by doing experiments under simulated condition. Validation is also required 



Chapter 6: Conclusions  164 
 

in terms of radiation stability and also inertness in generating other radioactive material 

during the radiation exposure. In addition, some Sb adsorption studies are also required 

on alloys other than CS surface and also on oxides other than Fe3O4.   
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