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Preface 

 
Since times immemorial, all endeavors to shape the human 

environment, to survive its challenges, and to eke out a living 

against many odds are based on winning, processing, modifying, 

and utilizing materials. Long before any metal could be smelted 

from ore, ceramics were produced by hardening soft and pliable 

clay in a camp fire. Polymers were synthesized only 

comparatively late during the technological evolution of 

mankind, first by modification of natural products, later by 

controlled chemical reactions. These three main groups of 

materials – ceramics, metals and polymers – are distinguished by 

the type of bonding of their constituent atoms or molecules that 

confer unique mechanical, thermal, optical, tribological and 

biological properties on their products.  

 

In this volume, twelve contributions have been collected that 

deal with modern materials intended for environmental, 

biological, and engineering uses as follows.  

 

Water pollution causes critical environmental challenges for the 

global population since water used in domestic, industrial, and 

agricultural sectors is returned to rivers, lakes, estuaries, or 

oceans, very frequently without sufficient treatment. As 

industrial effluents are usually polluted by organic compounds 

and their derivatives, there is an urgent requirement for an 

economically feasible technology for efficient removal and 

recovery of pollutant from aqueous solutions. In his 

comprehensive review, R.A. Hager is highlighting the 

development of molecularly and ion-imprinted polymers and 

composites as a novel promising trend in wastewater treatment.  

 

Superabsorbent polymers (SAPs) are long since a mainstay in a 

large variety of application, including water treatment and 

pollution control. A.J. Baihi et al. developed a model how a 

superabsorbent polymer blend synthesized from carboxymethyl 

cellulose (CMC) and starch could be cross-linked by the action 

of aluminum sulfate octadecahydrate (patent alum). Evidence of 

the occurrence and the mechanism of the cross-linking process 

were obtained from Fourier transform infrared spectroscopy 
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(FTIR), morphological studies, differential scanning calorimetry 

(DS), and absorbency data. The absence of the primary hydroxyl 

band of alcohol in the CMC/starch blend FTIR spectrum 

indicates that this site is active and that the reaction between 

starch and CMC molecules occurs through OH moieties. 

 

B. González Rolón and P. Fuentes Castañeda investigated the 

influence of meteorological variables such as humidity, 

temperature, and wind orientation on the resistance to 

compression of concrete used as construction material of electric 

transmission towers. Comparison with concrete samples 

contacted with test solutions in the laboratory showed a decrease 

in the mechanical strength of both the cores exposed in the 

predominant direction of the wind and test cylinders submerged 

in acidic solution, concluding that both conditions favor the 

degradation of concrete properties. 

 

Burning of natural gas as well as other fossil fuels to cater for the 

worldwide increasing demand for energy results in a significant 

release of CO2 to the atmosphere and is widely thought to 

promote global warming. Methane dry reforming is one of the 

most important processes used to produce syngas (H2 + CO). 

CH4 and CO2, two of the most potent greenhouse gases, are 

reacted at high temperatures in the presence of a metal catalyst. 

Since this process is not widely used in the gas processing 

industries owing to rapid catalyst deactivation by carbon 

deposition, novel approaches are urgently required. A.H. 

Fakeeha et al. synthesized Ni-based catalysts such as 

5%Ni/Al2O3 and 5%Ni/SiO2 with high CH4 conversion 

capability, averaging a conversion rate of about 78 and 75%, 

respectively. The same trend was observed for CO2 conversion, 

with 5%Ni/Al2O3 and 5%Ni/SiO2 reaching 84% and 82% 

conversion, respectively. 

 

In dental implantology, preservation of peri-implant bone is a 

crucial factor for success. In addition, the position in which the 

implant is placed with respect to the crestal alveolar bone, is a 

fundamental requirement to preserve the latter. N. Palacios-

Garzón et al. systematically evaluated the influence of crestal 

and subcrestal placement of implants on loss of crestal bone and 
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soft tissue. They concluded that subcrestal placement of the 

implant should be preferred as it may reduce the risk of bone 

loss. 

 

After acute myocardial infarction (AMI), frequently the mitral 

heart valve configuration changes drastically, thus causing an 

imbalance between closing and tethering forces. This underlies a 

pathological condition called ischemic mitral regurgitation 

(IMR). F. Nappi et al. constructed a biomechanics model based 

on Euler’s elastic theory for simulating the mitral leaflet, and 

interlaced it with nonlinear chordae tendineae anchored on 

papillary muscles to elucidate the interactions between closing 

and tethering forces. The chordae tendineae, colloquially known 

as the heart strings, are tendon-resembling fibrous cords of 

connective tissue that connect the papillary muscles to the 

tricuspid valve and the mitral valve in the heart. 

 

In orthopedics and dental applications, laser powder bed fusion 

(LPBF) technology is appreciated for its high degree of 

individualization and the capability of producing low-volume 

devices and complex geometric features in a single production 

process step with precision. P. Mengucci et al. investigated the 

thermally induced phase transition of Ti6Al4V samples 

produced by LPBF using neutron diffraction (ND), X-ray 

diffraction (XRD), scanning transmission electron microscopy 

(STEM), and energy-dispersive X-ray spectroscopy (EDS). It 

was found that the as-produced samples consist of a highly 

defective α’-Ti martensite phase as well as a β-Ti phase 

containing up to 25 mass% of V, formed during annealing by 

diffusion and partitioning of elements. 

 

Although hydroxylapatite is being successfully used in many 

medical applications, for some uses the limited chemical stability 

of hydroxylapatite in the aggressive body environment on 

contact with the extracellular fluid (ECF) calls for only sparingly 

soluble biocompatible phosphate-based compounds. R.B. 

Heimann synthesized hexaorthophosphate formulations with 

NaSiCon structure of the type CaTinZr4-n(PO4)6 that by 

atmospheric plasma spraying were found to provide dense, well-

adhering coatings with excellent biocompatibility and 
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osseoconductivity as well as comparatively high thermal stability 

and low solubility in vivo compared to hydroxylapatite. As an 

added bonus, such compounds attain substantial ionic 

conductivity when doped with highly mobile ions such as 

sodium or lithium that are able to move in response to an outside 

electric field within the channels of the crystalline structure. This 

property suggests interesting options to design so-called fourth 

generation biomaterials that utilize bioelectric signals for 

theragnostic purposes or electrically stimulated bone growth. 

 

Flawless welding of stainless steels to low-alloyed steels is in 

many ways a considerable challenge. Hu et al. used experimental 

and finite element (FE) modeling methods to determine the 

complex thermomechanical behavior, the residual stress as well 

as the microstructural evolution of the two dissimilar materials 

when joined. The maximum von Mises residual welding stress 

was found to be 312 MPa, located at the bottom of the onset of 

the weld zone. This residual stress gradually decreases and tends 

to be stable along the direction leading from the weld to the base 

metal. In addition, it was found that the closer to the weld joint, 

the more uniform is the austenite distribution and the smaller is 

the grain size. 

 

Sesquioxides constitute a large subfamily of ABO3 compounds. 

Owing to their diversity in chemical compositions, they are very 

important materials in earth and materials sciences based on their 

ubiquitous presence in the planetary crust and mantle, and their 

wide variety of technological applications. F.J. Manjón et al. 

highlighted recent discoveries, hot spots, controversial questions, 

and future directions of research in this realm. 

 

N. Wessey looked closely at slag production formed during 

operation of the Nigerian Delta Steel Company, using X-ray 

fluorescence (XRF), thin section (TS) petrography, and electron 

probe microanalysis (EPMA). Belite, melilite, calcium 

aluminate, merwinite, wustite, periclase, perovskite and glass 

were found to crystallize consecutively at decreasing 

temperature between 1500 and 500
o
C. Not surprisingly, the 

author concluded that the synthetic minerals encountered 

followed the same crystallization route and characteristics as 
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natural minerals crystallizing from a silicate magma. Because of 

its high Ca and P contents, the slag may be utilized as potent 

fertilizer. 

 

Friction is a perennial problem whenever machine parts are 

moving in a reciprocating manner. To combat friction, designing 

and applying promising mechanical systems with ultra-low 

friction performance and establishing a reliable superlubricity 

regime are imperative not only to save energy but also to reduce 

hazardous waste emissions to the environment. Superlubricity is 

a regime of motion in which friction very nearly vanishes. 

Although diamond-like carbon (DLC) films with extremely 

smooth and fully hydrogen-terminated surface bonds are most 

promising to realize superlubricity, at present their maximum 

effect can only be observed at high vacuum conditions. To 

eliminate this limitation, B. Zhang et al. have developed 

hydrogenated fullerene-like nanostructures and graphene 

nanoscrolls that demonstrate superlubricity with extremely low 

coefficient of friction of ~0.002 at ambient conditions that 

suggest useful future engineering applications.  

 

In conclusion, the collection of articles assembled in this volume 

demonstrate impressively the very broad range of metallic, 

ceramic and polymeric materials for a plethora of diverse 

applications. Such applications are powerful driving forces of 

technological and socioeconomic developments for the 21
st
 

century. 

 

Robert B. Heimann, editor 



Prime Archives in Material Science 

 

1                                                                                www.videleaf.com 

Book Chapter 
 

New Trends for Removal of Water 

Pollutants 
 

Hager R Ali* 

 

Analysis & Evaluation Department, Egyptian Petroleum 

Research Institute, Egypt 

 

*Corresponding Author: Hager R Ali, Analysis & Evaluation 

Department, Egyptian Petroleum Research Institute, 11727 Nasr 

City, Cairo, Egypt 

 

Published April 13, 2020 

 

How to cite this book chapter: Hager R Ali. New Trends for 

Removal of Water Pollutants. In: Robert B Heimann, editor. 

Prime Archives in Material Science. Hyderabad, India: Vide 

Leaf. 2020. 

 

© The Author(s) 2020. This article is distributed under the terms 

of the Creative Commons Attribution 4.0 International 

License(http://creativecommons.org/licenses/by/4.0/), which 

permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 

 

Abstract  
 

In recent years, a wide range of treatment technologieshave 

become more stringent, requiring an improved quality of treated 

water pollutants (wastewater). Many techniques can be 

employed for the treatment of wastewater laden with organic and 

inorganic contaminants. However, it is important to select the 

most suitable technique to optimize the removal of target 

contaminants compared to other technologies, in regard to 

environmental impact and economics issues such as the capital 

investment, operational costs, technical applicability, plant 

simplicity and selectivity. These are the key factors that play 
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major roles in the selection of the most suitable treatment system 

to optimize target pollutant removal. New procedure of 

alternative treatment techniques today is to design robust 

molecular recognition materials such asimprinted polymer (IP) 

technology, which areable to mimic natural recognition entities 

for the target compounds of interest. IP technology is today a 

viable synthetic approach to promote the future of bulk 

polymerization techniques through development of molecularly 

imprinted polymers (MIPs) or ion-IPs (IIPs) that are still a real 

challenge for a wide range of applications including selective 

pollutant recovery (i.e., inorganic or organic compounds) from 

wastewater effluents and treatment as well. Therefore, this 

review aims to highlight the development of IPs (MIPs and IIPs) 

and the latest progress in the synthetic approaches of IPs-based 

composites as a new trend in wastewater treatment thatcould 

offers future success in the field of wastewater treatment and 

enhancement of molecular recovery. Primary attention is given 

to the developments of MIPs-based sorbent materials for 

quantitative determination and purification of contaminants in 

environmental wastewater resources. 

 

Keywords  
 

Molecularly Imprinted Polymers; Selective Removal; 

Wastewater Treatment-Adsorption 
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RO- Reverse Osmosis; RSM- Response Surface Methodology; 

SLL- Stabilized Landfill Leachate; SPS- Sulfonatedpolysulfone; 

TOC- Total Organic Carbon; UF- Ultra-Filtration; VP-4-

vinylpyridine 

 

Introduction  
 

Various pollutant exposures and poisoning in aqueous 

environment are considered as hazardous. Hence, precautions are 

required to prevent these toxins from entering our bodies. The 

traditional methods of wastewater treatment become increasingly 

challenged with the identification of more contaminants as 

shown in Figure (1), rapid population growth, increasing 

industrial activities, and ever shrinking fresh water sources. In 

1903, water softening was invented as a technique for water 

desalination. Cations were removed from water by exchanging 

them with sodium or other cations, in ion exchangers. 

 

Eventually, starting in1914,standards were implemented for 

drinking water supplies in public traffic. However, it would take 

until the 1940 before suchdrinking water standards wereapplied 

to municipal drinking water. Starting in 1970, public health 

concerns shifted from wastewater containing disease-causing 

microorganisms, to anthropogenic water pollution such as 

pesticide residues and industrial sludge and organic chemicals. 

In 1972, the Clean Water Act was passed in the United States. In 

1974, the Safe Drinking Water Act (SDWA) was formulated. 

The general principle in the developed world now was that every 

person had the right to safe drinking water. Regulation now 

focused on industrial waste and industrial water contamination, 

and water treatment plants were adapted. Techniques such as 

aeration, flocculation, and active carbon adsorption were applied. 

In the 1980s, membrane development for reverse osmosis was 

added to the list. Risk assessments were enabled after 1990. 

Water treatment experimentation today mainly focuses on 

disinfection by-products [1]. 

 

https://www.lenntech.com/Periodic-chart-elements/Na-en.htm
https://www.lenntech.com/EU's-drinking-water-standards.htm
https://www.lenntech.com/water-pollution-FAQ.htm
https://www.lenntech.com/aeration.htm
https://www.lenntech.com/coagulant-flocculant.htm
https://www.lenntech.com/activecarbon-regeneration.htm
https://www.lenntech.com/membranes.htm
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Figure 1: Different water contaminants [1]. 

 
Conventional processes were adopted to remove many chemical 

and microbial contaminants from wastewater. However, the 

effectiveness of these processes has become limited over the last 

two decades because of new challenges related the removal of 

unknown hazardous pollutants and the increased knowledge 

about the consequences from water pollution and public demand 

for better quality water. Currently, the challenge in construction 

of wastewater treatment plants is to develop and implement new 

trends for effective wastewater reclamation technology with 

continuous ability to recover precious compounds (target organic 

or inorganic elements) efficiently from wastewater effluent for 

economic recycling. Various methods are available to remove 

pollutants from water as shown in Figure (2), including 

adsorption [2], microbial degradation [3], chemical oxidation 

[4,5], membrane separation [6], catalytic oxidation [7], and 

electrochemical treatment [8,9].  
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Conventional Treatment Techniques for 

Contaminated Wastewater  
 

Conventional methods for removing metals are either becoming 

inadequate to meet current stringent regulatory effluent limits 

orare increasing in cost. As a result, alternative, cost effective 

technologies are in high demand. Conventional techniques for 

removing dissolved heavy metals include chemical precipitation, 

carbon adsorption, ion exchange, evaporations and membrane 

processes as shown in Figure (2) [10]. The selection of a 

particular treatment technique primarily depends on a variety of 

factors, e.g. waste type and concentration, effluent heterogeneity, 

required level of cleanup, as well as economic factors.  

 

 
 

Figure 2: Conventional technologies for pollutantremoval [10]. 
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Chemical Treatment Methods  
 

Chemical precipitation is most widely used for heavy metal 

removal from inorganic effluents. Lime and limestone are the 

most commonly employed precipitant agents due to their 

availability and low-cost in most countries [11].  

 

Coagulation is the process in which colloidal particles in water 

are clumped together into larger particles, called flocs. 

Coagulants have been known since the earlytwentieth century 

and have been playing a vital role in the removal of many 

impurities from polluted waters. The aim of applying 

coagulation–flocculation treatment is generally to remove the 

colloidal matter present in the wastewater. Nutrients can alsobe 

removed during the process. There are various typesof 

coagulants in the chemical market such as inorganic metal 

based-coagulants such as aluminum sulfate (alum), ferric 

chloride,and ferric sulfate. Alum has been used for water 

purification since ancient times [12]. Ahmed et al. [13] 

investigated application of the coagulation/flocculation process 

coupled with the Fenton reaction to remove organic matter from 

stabilized landfill leachate (SLL), using ferric chloride as the 

coagulant. The removal reached 71% at pH 6, then the pretreated 

SLL was subjected to the Fenton reaction that recorded 50% of 

total organic carbon (TOC) removal at pH3, using a H2O2:Fe
+2

 

ratio of 20:1, H2O2 dosage of 240 mM and 1h of reaction time. 

By coupling the coagulation-flocculation with the 

Fentonreaction, the removal of TOC was 85%. 

 

Physical Treatment Methods  
 

Physical treatment processes include gravity separation, phase 

change system such as air stream stripping of volatile from liquid 

waste, adsorption, reverse osmosis, ion exchange, and 

electrodialysis. Some of the new technologies being used and 

introduced for wastewater treatment globally to reclaim the 

resources are discussed below. 

 

http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0305
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Membrane Filtration  

 

Membrane filtration has received considerable attention for the 

treatment of inorganic effluent, since it is capable of removing 

suspended solid and organic compounds. Depending on the size 

of the particle that can be retained, various types of membrane 

filtration such as ultrafiltration, nano-filtration and reverse 

osmosis can be employed for contaminant removal from 

wastewater.  

 

Micro- and ultra-filtration (MF or UF) membranes provide 

excellent pretreatment to remove a wide range of dissolved 

contaminants. MFs and UFs are advanced treatment tools that 

utilize to separate heavy metals, micro-molecules and suspended 

solids from inorganic solution on the basis of the pore size (5–

20 nm) and molecular weight of the separating compounds. 

Some significant findings were reported by Juang and Shiau 

[14], who studied the removal of Cu
2+

 and Zn
2+

 ions from 

synthetic wastewater using chitosan-enhanced membrane 

filtration. The Amicon
®
-generated cellulose YM10 was used as 

the ultra-filter. About 100% and 95% removal were achieved at 

pH ranging from 8.5 to 9.5 for Cu
2+

 and Zn
2+

 ions, respectively. 

The results indicated that chitosan significantly enhanced metals 

removal by 6–10 times compared to a simple membrane. This 

could be attributed to the major role played by the amino groups 

of the chitosan chain, which served as coordination site for 

metal-binding. In acidic conditions, the amino groups of chitosan 

are protonated after reacting with H
+
 ions [15]. Recently, 

advancedmembrane bioreactor filtration technology has been 

used for advanced wastewater treatment for reuse by industries. 

The complementary treatment processes which included a 

membrane bioreactor followed by reverse osmosis (RO) 

membrane and ultraviolet treatment is now poised to be 

implemented by many industrial processes to produce  cleaned 

and disinfected non-potable water effluent that can be more 

easily reused in closed cycle for a save water environment at low 

operational costs. 

 

http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0230
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0230
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Nanotechnology  

 

The emergence of nanotechnology and the incorporation of 

living microorganisms in bio-microelectronic devices have 

revolutionized the treatment process. The advantage of 

nanotechnology is that it can easily merge with other 

technologies and modify, endorse and clarify any existing 

concept. Nanotechnology uses materials of sizes smaller than 

100nm in at least one dimension, i.e. at the level of atoms and 

molecules [16]. At this scale, materials possessing novel and 

significantly changed physical, chemical, and biological 

properties mainly due to their structure, higher surface area-to-

volume ratio, high reactivity and strong sorption capability, are 

explored for application in water/wastewater treatment based on 

their functions in unit operations [16]. Nanotechnology concepts 

are being investigated for higher performing membranes for 

decomposition of toxic compounds during the treatment. It will 

also provide effective segregation of metals, bimetallic nano 

particles, mixed oxides, zeolites and carbon compounds from the 

wastewater resources. With improved membranes and 

configurations, more efficient pumping and energy recovery 

systems will be possible. 

 

Inorganic Nanoparticles: Green Approach for Construction 

and Applications: 

 

The biological synthesis of nanoparticles (NPs) is a challenging 

concept known as ―green synthesis‖. Biosynthesis of nano-

particles could be an alternative to traditional chemical methods 

to produce metallic nano-materials in a clean, nontoxic and 

ecologically sound manner. Green synthesis of nanoparticle is 

cost effective, easily available, eco-friendly, non-toxic, large 

scale production can be done easily and acts as reducing and 

capping agent when compared to chemical methods which are 

very costly and may emit dangerous by-products which can have 

some deleterious effects on the environment. Synthesis of nano-

particles using plants provides more biocompatible nanoparticles 

than chemical synthesis, whereas chemical synthesis may lead to 

the presence of some toxic chemical by-products on the surface 

of nanoparticles that may have unwanted effects in biomedical 
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applications. Plant-mediated biological synthesis of 

nanoparticles has acquired prominence only in recent years. 

Phum ying et al. [17] reported the synthesis Fe3O4 nanoparticles 

using Aloe Vera plant extract the high purity of which was 

confirmed with XRD. The intermediate particle size calculated 

from XRD increased with an increase in temperature and time. 

Based on the coercivity, it was deduced that the nanoparticles 

were superparamagnetic in nature. Chenet al. [18] reported the 

synthesis of face-centered cubic NiNPs by reducing an aqueous 

solution of Ni(NO3)2 with an aqueous extract of Medicago sativa 

(alfalfa). The typical synthetic method of Ni NPs involved the 

vigorous stirring of precursor solution with alfalfa solution at 

60
o
C for4hours.The reaction was carried out at 60

o
C because at 

room temperature it is difficult to reduceNi
2+

 to Ni
0
. 

Subsequently, the NPsolution was freeze-dried for 24 h to obtain 

Ni NPs powder. Pandian and coworkers [19] formed Ni 

nanoparticles by using an aqueous solution of Ni(NO3)2·6H2O as 

precursorand leaf extract of Ocimum sanctum as reducing as well 

as stabilizing agent. These reduced Ni
0
 atoms then aggregate and 

Ni NPs were formed as confirmed by UV/Vis spectroscopy and 

XRD.Saad et al., [20] prepared zinc oxide nanoparticles using 

Corriandrumsativum leaf extract and zinc acetate dehydrate, 

Figure (3). It was utilized as a photocatalyst for the degradation 

of anthracene. Optimum photocatalytic degradation of 100 μg 

L
−1

anthracene is 1000 μg L
−1

ZnO NP’s, at ambient temperature 

(25 °C), pH 7 and ultraviolet irradiation for 240 min. Under 

these conditions the percentage decomposition of anthracene is 

96%.  

 

 
 

Figure 3: Green synthesis of ZnO nanoparticles using 

Corriandrum sativum leaf extract [20]. 
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Hybrid Organic/Inorganic Nanoparticles (Metal-Organic 

Frameworks): 

 

Metal-organic frameworks (MOFs) are virtually infinite 

crystalline structures composed of metal clusters bound via 

coordination to organic ligands. These structures are highly 

porous and flexible owing to their structural and chemical 

tunability. Adsorption on porous materials has become one of the 

most promising approaches for water purification during the past 

decades [21]. With their exposed high surface area (inner as well 

as outer surface), porous materials such as zeolites, activated 

carbon, silica, polymeric materials and hybrid materials have 

drawn much interest among scientists, because they were found 

to be good candidates to overcome several obstacles such a slow 

capacity, weak interaction and difficulty in regeneration that 

affect contaminant removal in water purification. Therefore, 

superior adsorbents with large numbers of active sites and higher 

surface areas are desirable to obtain better access to qualified 

water in a reliable, efficient, convenient and low cost way. 

Known as a class of crystalline porous materials possessing 

ordered structures, high surface area, adjustable functional 

groups and numerous active metal sites, metal-organic 

frameworks (MOFs) could be promising candidates in pollutant 

removal. During the past decades, their applications for water 

purifications have been widely investigated. In this review, we 

will systematically present the performances of MOFs for 

contaminants (i.e. heavy metal ions, non-metal inorganics, 

organic dyes and pharmaceuticals). 

 

Water Treatment by Natural Adsorbents  

 

Natural water treatment is a complementary process that works 

simultaneously with other conventional treatment techniques to 

remove a range of contaminants and is effective for water 

reclamation. To date, natural treatment systems are increasingly 

being used to capture, retain and treat wastewater. Hence, they 

are waste management processes aimed to converting natural 

waste products into a valuable product by enhancing the cleaning 

of water environments and reducing the toxicity generated by 
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chemical technologies and a variety of physical processes as 

shown in Figure (4). 

 

 
 

Figure 4: Some conventional methods for metal removal [34]. 

 

Adsorption on Modified Zeolite Materials: 

 

Natural zeolites gained significant interest, mainly due to their 

valuable properties such as ion exchange capability. Among the 

most frequently studied natural zeolites, clinoptilolite was shown 

to have high selectivity for certain heavy metal ions such as Pb
2+

, 

Cd
2+

, Zn
2+

 and Cu
2+

. It was demonstrated that the cation-

exchange capability of clinoptilolite depends on the pre-

treatment method and that conditioning improves its ion 

exchange ability and removal efficiency [22]. The ability of 

different types of synthetic zeolite to remove heavy metals was 

recently investigated. The role of pH is very important for the 

selective adsorption of different heavy metal ions [22]. Barakat 

[23] used 4A zeolite, synthesized by dehydroxylation of low-

grade kaolin, and reported that Cu
2+

 and Zn
2+

 were adsorbed at 

neutral and alkaline pH, Cr
6+

 was adsorbed at acidic pH while 

http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0090
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0090
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the adsorption of Mn
4+

 was achieved at high alkaline pH values. 

Nah et al. [24] prepared synthetic zeolite magnetically modified 

with iron oxide (MMZ). MMZ showed high adsorption 

capacities for Pb
2+

 ions and good chemical resistance in a wide 

pH range of 5–11. The natural clay minerals can be modified 

with a polymeric material in a manner that significantly 

improves their capability to remove heavy metals from aqueous 

solutions. These kinds of adsorbent are called clay–polymer 

composites [25]. Different phosphates such as calcined 

phosphate at 900 °C, activated phosphate (with nitric acid), and 

zirconium phosphate have been employed as new adsorbents for 

removal of heavy metals from aqueous solution [26]. 

 

Adsorption on Industrial By-Products: 

 

Industrial by-products such as fly ash, waste iron, iron slags, or 

hydrous titanium oxide can be chemically modified to enhance 

their removal performance for organic and inorganic 

contaminants from wastewater. Lee et al. [27] studied green 

sands, another by-product from the iron foundry industry, for 

Zn
2+

 removal. Feng et al. [28] investigated Cu
2+

 and Pb
2+

 

removal using iron slag at a pH of 3.5-8.5 and 5.2-8.5, 

respectively. Fly ashes were also investigated as adsorbents for 

removal of toxic metals. Alinnor [29] used fly ash from coal-

burning for removal of Cu(II) and Pb(II) ions. Sawdust treated 

with 1,5-disodium hydrogen phosphate was used for adsorption 

of Cr(VI) at pH 2[30]. Iron based sorbents such as Ferro Sorp
®
 

Plus[31] and synthetic nanocrystalline akaganeite[32] were 

recently used for simultaneous removal of heavy metals. 

 

Adsorption on Modified Agricultural and Biological Wastes:   

 

Recently, much research interest in removal of pollutants from 

industrial effluent has been focused on the use of agricultural by-

products as adsorbents. The use of agricultural by-products in 

bioremediation of heavy metal ions, is known as bio-sorption. 

This utilizes inactive (non-living) microbial biomass to bind and 

concentrate heavy metals from waste streams by purely 

physicochemical pathways (mainly chelation and adsorption) of 

uptake [33]. New resources such as hazelnut shells, rice husks, 

http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0335
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0275
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0170
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0035
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0425
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pecan shells, jackfruit, maize cobs or husks can be used as 

adsorbents for heavy metal uptake after chemical modification or 

by heating to form activated carbon. Ajmal et al. [34] employed 

orange peels for Ni
2+

 removal from simulated wastewater. They 

found that the maximum metal removal occurred at pH 6.0. Cu
2+

 

and Zn
2+

 removal from real wastewater were studied using pecan 

shells-activated carbon [35-36] and potato peels charcoal [37].  

 

Adsorption on Modified Biopolymers and Hydrogels: 

 

Biopolymers are industrially attractive because they are capable 

of lowering transition metal ion concentrations to sub-part per 

billion concentrations, are widely available, and environmentally 

safe. Another attractive feature of biopolymers is that they 

possess a number of different functional groups, such as 

hydroxyl and amine groups, which increase the efficiency of 

metal ion uptake and the maximum chemical loading capacity. 

New polysaccharide-based-materials were described as modified 

biopolymer adsorbents (derived from chitin, chitosan, and 

starch) for the removal of heavy metals from wastewater. There 

are two main ways to prepare sorbents containing 

polysaccharides: (a) crosslinking reactions, a reaction between 

the hydroxyl or amino groups of the chains with a coupling agent 

to form water-insoluble cross-linked networks (gels); (b) 

immobilization of polysaccharides on insoluble supports by 

coupling or grafting reactions in order to obtain hybrid or 

composite materials [38]. Chitin is a naturally abundant 

mucopolysaccharide extracted from crustacean shells, which are 

waste products of seafood processing industries. Chitosan, which 

can be formed by deacetylation of chitin, is the most important 

derivative of chitin. Chitosan in partially converted crab shell 

waste is a powerful chelating agent and interacts very efficiently 

with transition metal ions [39], other modified chitosan beads 

were proposed for diffusion of metal ions through cross-linked 

chitosan membranes [40]. The excellent saturation sorption 

capacity for Cu
2+

 of cross-linked chitosan beads was achieved at 

pH 5. Liu et al. [41] prepared new hybrid materials that adsorb 

transition metal ions by immobilizing chitosan on the surface of 

non-porous glass beads. Column chromatography on the 

resulting coated glass beads revealed that they have strong 

http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0025
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0285
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affinities for Cu
2+

, Fe
3+

 and Cd
2+

. Hydrogels, which are cross- 

linked hydrophilic polymers, are capable of expanding their 

volumesin water due to their high swelling ability. Accordingly, 

they are widely used in purification of wastewater. Various 

hydrogels were synthesized and their adsorption behavior for 

heavy metals was investigated. Kesenci et al. [42]investigated 

the sorption capacity of poly(ethyleneglycol dimethacrylate-co-

acrylamide) hydrogel beads for metal ions in the order 

Pb
2+

 > Cd
2+

 > Hg
2+.

Essawy and Ibrahim [43] prepared 

poly(vinylpyrrolidone-co-methylacrylate) hydrogel with 

Cu
2+

 > Ni
2+

 > Cd
2+

 while Barakat and Sahiner [44] prepared 

poly(3-acrylamidopropyl)trimethyl ammonium chloride 

hydrogels for As
5+

 removal. The removal is basically governed 

by the water diffusion into the hydrogel, carrying the heavy 

metal ions inside especially in the absence of strongly binding 

sites. Maximum binding capacity increases with pH increase to 

>6.Table (1) summarizes the main advantages and disadvantages 

of the various chemical, physical and biological treatments 

presented in this review. 

 
Table 1: Advantages and disadvantages of the various physico-chemical 

treatments. 

 
Treatment  

methods 

Advantages Disadvantages References 

Chemical 

process 
 Rapid and efficient 

process 

 Removes all pollutants 

types, produce a high-

quality treated effluent 

 No loss of sorbent on 

regeneration and effective 

 Expensive, and although 

the pollutants are removed, 

accumulation of 

concentrated sludge creates 

a disposal problem 

 High energy cost, 

chemicals required. 

Abdel-

Raouf and 

Abdul-

Raheim[15] 

Physical 

process 
 The most effective 

adsorbent, great, capacity, 

produce a high-quality 

treated effluent 

 No sludge production, 

little orno consumption of 

chemicals. 

 Economically 

unfeasible,formation of by-

products, technical 

constraints 

Zunaira and 

Zhi [45]; 

Neeta et al. 

[46] 

Biological 

process 
 Economically attractive, 

publicly acceptable 

treatment 

 Slow process, necessary to 

create an optimal favorable 

environment, maintenance 

and nutrition requirements 

Rajender et 

al.[47] 

http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0240
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0160
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0100
http://www.sciencedirect.com/science/article/pii/S1878535210001334#t0030
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0265
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0265
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0265
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0265
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0060
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0060
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0060
http://www.sciencedirect.com/science/article/pii/S1878535210001334#b0060
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Biological Treatment (Bioremediation)  

 

Bioremediation is a technology that explores the metabolic 

potential of microorganisms to clean up the contaminated sites, 

i.e. wastewater, ground or surface waters, soils, sediments, and 

air [48]. The process of bioremediation includes detoxification 

and mineralization that convert waste into inorganic compounds 

such as carbon dioxide, water and methane. The term 

bioremediation encompasses both microbial remediation and 

phytoremediation. Microbial remediation in turn, includes the 

employment of bacteria, fungi and algae for remediation 

purposes, thereby involving multiple steps of various enzymatic 

reactions. In recent years, phytoremediation has evolved as one 

of the best sustainable way to remove the harmful compounds 

present in the environment. The main advantage of the 

photoautotrophic cultivation of algae is the CO2 sequestration 

during cell growth. The nutrients present in the wastewater, 

rather of being waste, become feed for the algae that are utilized 

and accumulated effectively. Phytoremediation of wastewater is 

an emerging low-cost technique for removal of hazardous metal 

ions from industrial wastewater and is still in an experimental 

stage. Heavy metals such as cadmium and lead are not easily 

absorbed by microorganisms. In such case, phytoremediation 

proves a better treatment tool for bio-treatment because natural 

plants or transgenic plants are able to bio-accumulate these 

toxins [49]. Aquatic plants have excellent capacity to reduce the 

level of toxic metals, biochemical oxygen demand (BOD) and 

total solids from the wastewater. Billore et al. [50] treated 

industrial effluent with Typhalatipholia and Phragmitiskarka 

plants. This treatment eventually led to COD, BOD, total solids 

and phosphorus content reduction 

 

Catalytic Treatment (Photocatalysis and Ozonation) 

Processes 
 

To treat wastewater containing trace amounts of recalcitrant 

organic compounds, such as organo-halogens, organic pesticides, 

surfactants, and dye matters, environmental engineers are now 

required to develop more advanced and fast treatment processes 

including advanced oxidation technologies using photocatalysis 
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and ozonation. Advanced oxidation processes (AOPs) were 

developed to generate hydroxyl free radicals using different 

oxidants under different combinations and these radicals were 

found to destroy components that are not destroyed during 

conventional oxidation. The main advantage of AOPs over other 

treatment processes is their pronounced destructive nature which 

results in the mineralization of organic contaminants present in 

wastewater [51-52]. AOPs are considered as low or non-waste 

generation technologies, which destroys the complex structures 

using short-lived chemical species with a high oxidation power. 

The hydroxyl radical (OH
•
) is the main oxidative power of AOPs 

[53].  The OH
• 
radicals can be generated by chemical, electrical, 

mechanical or radiation energy. Therefore, AOPs are classified 

under chemical, catalytic, photochemical, photocatalytic, 

mechanical and electrical processes. However, certain organic 

compounds can hardly be degraded by ozonation or photolysis 

alone and the treated wastewater may be more dangerous as a 

result of ozonation. So, a combination of several treatment 

methods, such as O3/VUV (ozone/vacuum 

ultraviolet),O3/H2O2/UV(ozone/hydrogen peroxide/ 

ultraviolet),and UV/H2O2 (ultraviolet/hydrogen peroxide) 

followed by natural treatment or biological systems  can safely 

improves the removal of pollutants from the wastewater [53].The 

basic principle of semiconductor-based photocatalysis is 

depicted in Figure (5). 

 

 
 
Figure 5: Basic principles of semiconductor-based photocatalysis [58]. 

http://pubs.rsc.org/en/content/articlehtml/2017/qm/c6qm00141f#imgfig1
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AOPs show several advantages unparalleled in the field of water 

treatment: It could effectively eliminate organic compounds in 

aqueous phase, rather than collecting or transferring pollutants 

into another phases. Due to the remarkable reactivity of OH
•
, it 

virtually reacts with almost every aqueous pollutant without 

much discrimination. AOPs could therefore be applicable in 

many, if not all, scenarios where many organic contaminants are 

expected to be removed at the same time. Some heavy 

metals could also be removed in forms of precipitated M(OH)x. 

In some AOPs designs, disinfection could also be achieved, 

leading AOPs to an integrated solution to some of the water 

quality problems. Since the complete reduction product of OH
•
 is 

H2O, AOPs theoretically do not introduce any new hazardous 

substances into the water. It should also be aware that AOPs are 

not perfect and have several disadvantages. Most prominently, 

costs of AOPs are too high, since a continuous input of 

expensive chemical reagents is required to maintain the 

operation of most AOPs systems. Some techniques require pre-

treatment of wastewater to ensure reliable performance, which 

could be potentially costly and technically demanding. For 

instance, the presence of bicarbonate ion (HCO3
-
) can 

appreciably reduce the concentration of OH
•
 due to scavenging 

processes that yield H2O and a much less reactive species, CO3
•-

. As a result, bicarbonate must be wiped out of the system or 

AOPs are compromised otherwise. Given the potential costs, 

AOPs may not individually handle a large amount of wastewater. 

Instead, AOPs should be deployed in the final stage 

after primary and secondary treatment, for the purpose of 

successful removal of a large proportion of contaminants. A 

novel photocatalyst, titanium dioxide (TiO2) doped with 

neodymium (Nd), was prepared by the sol–gel method and used 

for the photocatalytic reduction of Cr
6+

 under UV illumination 

[54]. The results indicated that the presence of Nd
3+

 in TiO2 

catalysts substantially enhances the photocatalytic reduction of 

Cr
6+

. The neodymium ions deposited on the TiO2 surface behave 

as sites at which electrons accumulate. The improved separation 

of electrons and holes on the modified TiO2 surface allows more 

efficient channeling of the charge carriers into useful reduction 

and oxidation reactions rather than recombination reactions. The 

http://en.wikipedia.org/wiki/Primary_treatment
http://en.wikipedia.org/wiki/Secondary_treatment
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presence of sacrificial electron donors such as formic acid 

enhances the photocatalytic reduction. The Cr
6+

 adsorbed on the 

surface of the TiO2 particles was observed to be almost 

completely photoreduced to Cr
3+

. To overcome the limitation of 

powdery TiO2, a novel technique of immobilization based on 

anodization was applied and investigated [55]. Immobilized TiO2 

electrode was applied to reduce toxic Cr
6+

 to less-toxic Cr
3+

 in 

aqueous solution under UV irradiation. The anodization was 

performed with 0.5% hydrofluoric acid, and then the anodized 

samples were annealed under oxygen stream in the range 450–

850 °C. The photocatalytic Cr
6+

 reduction was favored in acidic 

conditions, with 98% of the Cr
6+

 being reduced within 2 h at pH 

3. 

 

Non-Conventional Treatment (Molecular 

Imprinting) Techniques  
 

Numerous adsorbent materials have been tested for removal of 

toxic ions for example, Pb
2+

from aqueous solutions over the last 

two decades. It is noteworthy that ion imprinted polymer 

represent a potential source of abundant low-cost adsorbents.The 

values of maximum adsorption capacity of the adsorbents for the 

removal of lead are given in Table (2).  

 
Table 2: Comparison of maximum adsorption capacity of Pb (II) using 

different materials. 

 
Adsorbent Capacity 

(mg/g) 

Reference 

Amino-functionalized MNPs 4.10 Hao et al.[56] 

Magnetic nanoadsorbents 36 Nassar [57] 

Magnetic nanocomposite beads 

chitosan 

63.33 Tran et al. [58] 

Hydroxyapatite 1429 Yan et al. [59] 

Biochar-alginate capsule 263.15 Do and Lee [60] 

Chitosan/Fe-hydroxyapatite 596.7 Saber-Samandari et 

al.[61] 

Redwood bark 6.8 Belete [62] 

Dry desulfurization slag 130.2 Wu et al. [63] 

Mof-5 658.5 Rivera et al[64] 

Pb2+ ion-imprinted polymers 29.67 Xianglong and 

Hongzhi [65] 
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The advanced new technical methods are being introduced to 

overcome the conventional methods of waste water treatment 

[66], Molecular imprinting technique (MIT) is considered to 

have advantages superior over the conventional methods for 

example: 

 

 It does not result in the generation of oxidation or 

degradation by-products that can potentially be more 

harmful than the parent compound. 

 It has strong affinity for target chemicals and thus, may 

be ideal for industrial wastewater treatment where high 

concentrations of specific compounds used in 

manufacturing need to be removed from waste water. 

 The particles would need to be removed after their 

application and this can be a achieved through physical, 

chemical or magnetic techniques, in addition it is 

inexpensive to manufacture. 

 Materials can be produced in large quantities, have high 

surface area, are reusable and can be store for years at 

room temperature. 

 

Imprinting techniques employ new kinds of smart material with 

promising selective molecular recognition abilities. Molecular 

imprinting technique is a burgeoning field that can mimic the 

specificity of molecular recognition ability. It plays a decisive 

role in biological    activity by creation of an imprinted material 

with carefully shaped pores that become artificial receptors. The 

relationship between the template and the imprinted cavity 

corresponds to a theory originating in biochemistry, which is 

called the ―lock-and-key‖ mechanism proposed by Nobel 

Laureate Emil Fischer to explain enzyme-substrate interaction 

about 100 years ago [66].  

 

History of Molecular Imprinting  
 

The history of molecular imprinting technology appears to be 

somewhat complicated. The first appearance of molecularly 

imprinted technique (MIT) dates back to the early 

1930s.Polyakov [67] and Erkut et al. [68] performed a series of 

investigations on silica for use in chromatography. It was 
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observed that when silica gels were prepared in the presence of a 

solvent additive the resulting silica demonstrated preferential 

binding capacity for that solvent. The mechanism proposed by 

Polykov was largely overlooked by the scientific community. In 

1931 the group of Polyakov, reported some unusual adsorption 

properties in silica particles prepared using a novel synthesis 

procedure. Sodium silicate had been polymerized in water using 

ammonium carbonate as the chelating agent. After two weeks, 

additives (benzene, toluene or xylene) were added. The silica 

was subsequently allowed to dry for 20-30 days, after which the 

additive was removed by extensive washing in hot water. 

Subsequent adsorption studies revealed a higher capacity for 

uptake of the additive by the silica than for structurally related 

ligands, i.e. some kind of memory for the additive was apparent, 

at least in the cases of benzene and toluene. Attempts were 

subsequently made to apply the principles of the instructional 

theory in an inorganic system, silica. In the 1940s, Pauling [69] 

first put forward the idea of molecular imprinting, which 

involved a protein antibody self-assembly with an antigen acting 

as a template. However, no significant advances in molecular 

imprinting have been made in the following 20 years. It was not 

until 1972 that Wulff and Sarhan [70] laid the foundation for the 

current field with the first report of organic polymers prepared 

by reversible chemical bonds. Vlatakis et al. [71] have 

successfully prepared MIPs by using non-covalent molecular 

imprinting technology. Based on these pioneering studies, 

molecular imprinting technology started to grow rapidly [72]. 

 

The Concept of Imprinting 
 

In this technique, functional monomers and cross-linkers are co-

polymerized in the presence of a template molecule. Later on, the 

template molecule is removed forming a molecularly imprinted 

polymer (MIP) with imprinted recognition sites and cavities 

complementary to the shape, size and functionality of the 

template. On the one hand, the polymers should be rather rigid to 

preserve the structure of the cavity after splitting off the template. 

On the other hand, a high flexibility of the polymers should be 

present to reach a fast equilibrium between release and reuptake of 

the template in the cavity. Since these two properties are 
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contradictory to each, other careful optimization is necessary that 

occurs in three steps as follows: (i) complexation of the metal ion 

to a polymerizable ligand, (ii) polymerization of this complex, and 

(iii) removal of the template ion after polymerization (Figure (6)). 

 

 
 

Figure 6: Principle of preparation of MIPs [68]. 

 

Factors Affecting the Imprinting Process  
 

The rational design of MIPs is very complicated owing to a 

number of experimental variables including the type of template, 

functional monomer(s), ratio of functional monomer(s) to 

template, cross-linker(s), ratio of functional monomer(s) to 

cross-linker(s), pre-polymerization interactions, solvent(s), 

initiator, temperature, pressure and polymerization parameters. 

Binding site orientation, stability and accessibility are governed 

by the structural characteristics of the polymeric matrix and are 

essential to recognition of the polymers formed. For these 

reasons, investigating and optimizing various parameters are 

essential in order to make progress in maximizing recognition 

effects. 

 

Template: The template is of central importance a sit directs 

organization of the functional groups dependent to the functional 

monomers in all molecular imprinting processes. In terms of 
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compatibility with free radical polymerization, templates should 

ideally be chemically inert under the polymerization conditions, 

thus alternative imprinting strategies may have to be sought if 

the template can participate in radical reactions or is for any 

other reason unstable under the polymerization conditions. The 

shape, size and chemical functionality of the template species 

has significant bearing on the imprinting approach utilized. At 

present, imprints of several hundred template species have been 

accomplished, including a vast range of molecular sizes, shapes 

and functionality. Generally, with regard to choice of template, 

factors should be considered such as: solubility in organic 

solvents, possession of electrostatic functionalities, being 

chemically inert under polymerization conditions to be 

compatible with free radical polymerization. For larger 

molecules, imprinting can be difficult to achieve.  

Ligand: The polymerizable ligands are often called bi-functional 

reagents: one functionality coming from their chelating ability 

and the other one from the vinyl function. A simpler method to 

prepare ion imprinting polymers (IIPs) consists in using non-

polymerizable ligands in which the ligand is embedded inside 

the polymer matrix through some trapping process.The role of 

the ligand is the basic criterion since ion chelation is involved in 

the process of recognition. Since the template in ion imprinted 

polymers is an ion, reacting via its unfilled orbitals of the outer 

sphere, the major interactions with the polymer matrix will occur 

with some electron donating heteroatom. The general trend is to 

use a ligand bearing one or more chelating groups. Typical 

functionalized ligands used in the chemical immobilization 

approach are shown in Figure (7) 
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Figure 7: Typical functionalized ligands used in the chemical immobilization 

approach [68]. 

 

Functional Monomer: A functional monomer is based on its 

ability to bind with a template through weak and reversible 

interactions. The most efficient and specific non-covalent 

imprinting is achieved through hydrogen bonding [73]. This kind 

of bonding is always exploited when a template molecule has a 

functional group able to accept or donate protons: -COOH, -

COO-, -CN, -NO2, -N=, -Cl, -NH2, -OH, -SH [74] as shown in 

Figure(8).Considering the effects of changing the template to 

functional monomer ratio is unnecessary because the template 

dictates the number of functional monomers that can be 

covalently attached. Furthermore, the functional monomers are 

attached in a stoichiometric manner essential in the trapping 

approach to form a ternary complex with the metal ion. 

However, even when a functionalized ligand is used in the 

chemical approach, some other monomers may be introduced in 

the polymerization mixture. Kai and Guohua [75] have prepared 

a cross-linked starch xanthate by graft copolymerization of 

acrylamide and sodium acrylate onto starch xanthate using 

potassium persulfate and sodium hydrogen sulfite initiating 

system and N,N‛-methylenebisacrylamide as a cross-linker. As 

this kind of cross-linked potato starch xanthate can effectively 

absorb heavy metal ions, it was dispersed in an aqueous 
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solutions of divalent heavy metal ions (Pb
2+

and Cd
2+

) to 

investigate their absorbency by the polymer. The study of the 

effect of the weight ratio of starch xanthate to monomers 

(ranging from 1 : 5 to 1 : 14) revealed that the absorbency 

increased with increasing ratio of matrix to monomers  and 

reached a maximum. Subsequently, it slowly decreased with 

further increasing of the amount of monomers. The maximal 

adsorption amount of Pb
2+

was 47.02mg/g when the weight ratio 

of starch xanthate to monomers reached 1 : 12, and the 

absorbency of Cd
2+

was 36.33mg/g when the ratio reached 1 : 11. 

This can be explained as follows. On the one hand, as the weight 

ratio of matrix to monomers increased, more and more functional 

groups such as -COONa, -CONH2, and -CONH were grafted 

onto the starch xanthate that enhanced the capacity of the cross-

linked starch xanthate chelated with metal ions and the chemical 

adsorption improved. On the other hand, when the grafted rate 

increased the branch chain grafted in starch became long, which 

was conducive to the formation of the ideal network structure 

and the grafted products formed appropriate holes so that the 

physical adsorption improved. The acrylic acid self-

polymerization enhanced with increasing amount of monomers. 

Although the polyacrylic acid has many carboxyl groups, these 

groups are packed inside the polyacrylic acid and thus, are 

difficult to chelate with metal ions. When the compactness of the 

cross-linked starch xanthate increased, the polymeric network 

became denser [76] and thus, the absorbency decreased. Nitu et 

al. [77] synthesized polymers by changing the functional 

monomer. The binding capacity of itaconic acid and acrylamide 

MIPs is 4.2 and 1.8, respectively. The imprinting factor of 

itaconic acid MIPs is 2, which is higher than that of acrylamide 

(0.32).  Using itaconic acid as functional monomer shows 

excellent binding ability because the hydrogen binding 

interaction between the functional groups of quercetin and 

itaconic acid and its imprinting factor are high and hence, they 

are selected as the best MIPs on the basis of their high imprinting 

factor of 8. Imprinting factor is a measure of the strength of 

interaction of the imprinted polymer towards the template 

molecule. 

 



Prime Archives in Material Science 

 

25                                                                                www.videleaf.com 

 
 
Figure 8: Common functional monomers used in non-covalent molecular 

imprinting procedures [68]. 

 

Cross-linkers: A cross-linker constitutes the framework of a 

polymer network, which carries binding sites. The role of the 

cross-linker is to fix functional groups of monomers around 

imprinted molecules, and thereby to form a highly cross-linked 

rigid polymer. The cross-linker plays a major role in the ion 

imprinted polymers elaboration since it enables the generation of 

binding sites. After removal of templates, the holes left should 

completely complement to target molecules in shape and 

functional groups. Types and amounts of cross-linkers have 

profound influences on selectivity and binding capacity of 

molecularly imprinted polymers. Together with a solvent, a 

cross-linker determines the morphology of a polymer network. 

The higher the content of cross-linker in a MIP pre-

polymerization mixture and the higher its functionality number, 

the more cross-linked and rigid polymer network will be formed. 

Although a cross-linker does not often bear any specific 

functional groups such as functional monomers, it can still cause 
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non-specific binding to a template by hydrophobic interactions 

[76].When the dosage of cross-linkers is too low, molecularly 

imprinted polymers cannot maintain stable cavity configurations 

because of the low cross-linking degree. However, excess 

amounts of cross- linkers will reduce the number of recognition 

sites per unit mass of molecularly imprinted polymers. 

Commonly used cross-linkers involve ethylene glycol 

dimethacrylate (EGDMA), trimethylolpropanetrimethacrylate, 

divinylbenzene (DVB), etc. Their structures are displayed in 

Figure (9). Kai and Guohua [75] study the effect of the amount 

of N,N‛-methylenebisacrylamide as a cross-linker on the 

removal efficiency of Pb
2+

 and Cd
2+

. When the amount of cross-

linker was, respectively below 12 and 13mg/g(?), the absorbency 

of Pb
2+

 and Cd
2+

increased with the amount of cross-linker rising. 

However, the maximal absorbency of Pb
2+

and Cd
2+

was up to 

46.95mg/g and 36.05mg/g when the dosage of cross-linker was 

12 and 13mg/g(?), respectively. According to Flory’s theory, 

increasing cross-linker addition increases the number of nodes of 

the network and the cross-linker density, which favorably 

increased the absorbing capacity of cross-linked starch xanthate. 

Since low concentration of the cross-linker led to low degree of 

cross-linking and impeded a network structure to form, the 

absorbency of metal ions was low [77].  

 

 

 
 
Figure 9: Chemical structure of common cross-linkers used in non-covalent 

molecular imprinting [68]. 
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Porogenic solvents: A solvent is introduced during the synthesis 

of ion imprinted polymers in order to generate a porous 

structure. A solvent must be able to dissolve MIP components, 

for example, 4-vinylpyridine and ethylene glycol 

dimethacrylate(EGDMA) are not soluble in each other, but their 

mixture in methanol/water is homogeneous. Another reason to 

use a solvent is to render porosity to the final polymer network. 

Otherwise, without a solvent, the polymer network would be 

dense, having low permeability to water or other solvents. 

Because of its role in creating the porosity of the final polymer, 

the solvent is also called the ―porogen‖ [78]. Bhagyashree and 

Reddithota [79] studied the interaction energy between 

benzo[a]pyrene and the functional monomer methacrylic acid in 

different solvents. They stated that using chloroform exhibited a 

low adsorption capacity while the MIP prepared in the presence 

of acetonitrile displayed the best, since acetonitrile has the 

smallest ΔE value that results in only weak influence of the 

solvent on the interaction between benzo[a]pyrene and 

methacrylic acid. Normally, this implies that a polar, non-protic 

solvents, e.g. toluene, are preferred as such solvents stabilize 

hydrogen bonds. However, if hydrophobic forces are being used 

to drive the complexation then water could well be the solvent of 

choice. Table (3)lists most commonly used porogens. 

 
Table 3: Most commonly used porogens [80]. 

 
Solvent MW 

(g mol-1) 

Boiling 

point (°C) 

Density 

(g ml-1) 

Polarity 

index 

Dielectric 

constant* 

H-bond 

strength 

Acetone 58.8 56.2 0.786 21.0 20.7 (25) 7.0 

Acetonitrile 41.05 81.6 0.786 5.8 37.5 6.1 

Carbon 

tetrachloride 

153.82 76.7 1.587 

(liquid) 

1.6 - - 

Chloroform 119.38 61.7 0.795 4.1 4.81 5.7 

Dichloromet

hane 

84.93 39.8 1.326 3.1 9.08 7.1 

Dimethylfor

mamide 

73.09 189 0.944 6.4 36.7 11.3 

DMSO-

acetonitrile 

- - - - - - 

Ethanol 46.07 78.5 0.789 5.2 24.6 19.4 

Ethanol-

water 

- - - - - - 

Methanol 32.04 64.6 0.791 5.1 32.6 (25) 22.3 
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Methanol-

water 

- - - - - - 

2-Methoxy 

ethanol 

76.09 125.0 0.965 - 16.9 - 

Tetrahydrofu

ran 

72.11 66.0 0.886 4.0 7.6 8.0 

Toluene  92.14 110.6 0.867 2.4 2.38 (25) 2.0 

* T= 20°C, unless specified  

 

Initiators: The role of the initiator in radical polymerization is 

crucial as it is responsible for the creation of monomer radicals 

in order to propagate the polymer formation. The initiator is 

cleaved by thermal decomposition, photolysis or ionizing 

radiation. For example, the azoinitiatorazobisisobutyronitrile 

(AIBN) can be conveniently decomposed by photolysis (UV) or 

thermolysis to give stabilized, carbon-centered radicals capable 

of initiating the growth of a number of vinyl monomers. As an 

illustrative example of the use of AIBN, or indeed other 

initiators, to polymerize vinyl monomers, AIBN can polymerize 

methylmethacrylate under thermal or photochemical conditions 

to obtain poly(methyl methacrylate). Oxygen gas retards free 

radical polymerizations, thus in order to maximize the rates of 

monomer propagation, and to ensure good batch-to-batch 

reproducibility of polymerizations, removal of the dissolved 

oxygen from monomer solutions immediately prior to 

proliferation is advisable. Removal of dissolved oxygen can be 

achieved simply by ultrasonication of the monomer solution by 

an inert gas, e.g. nitrogen or argon (Figure (10)). 

 

 
 

Figure 10: Chemical structure of common initiators used in non-covalent 

molecular imprinting [58]. 
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Kai and Guohua[75]studied also the effect of potassium per 

sulfate as initiator and found that the maximum absorbencies of 

Pb
2+

and Cd
2+

were 47.11mg/g and 36.55mg/g when the dosages 

of potassium per sulfate were 70 mg and 80mg, respectively. 

This was related to the relationship between average chain length 

and concentration of the initiator in the copolymerization [80]. 

More graft copolymerization occurred between the monomers 

and the starch xanthate leading to the formation of more stable 

network structures, which was helpful to increase the 

absorbency. On the one hand, when the concentration of the 

initiator was too high, there would be a strong reaction with the 

starch molecules, resulting in the decrease of the main chain 

length [81-82]. On the other hand, with the increase of K2S2O8, 

the copolymerization rate became so fast that the polymeric heat 

could not transfer in time, leading to higher temperature of the 

system, and consequently enhanced the chance of chain transfer 

and chain cessation. Hence, the absorbency of the polymer 

decreased [83]. 

 

Different Interactions in the Preparation of Imprinted 

Polymers  
Covalent Interactions  
 

Covalent imprinting [84] is distinguished by the use of templates 

which are covalently bound to one or more polymerizable 

groups. After polymerization, the template is cleaved and the 

functionality left at the binding site is capable of binding the 

target molecule by re-establishment of the covalent bond. The 

advantage of this approach is that the functional groups are only 

associated with the template site. However, only a limited 

number of compounds (alcohols, aldehydes, ketones, amines and 

carboxylic acids) can be imprinted with this covalent approach 

[85,86].A schematic representation of such a reaction is shown 

in Figure (11). 
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Figure 11: Schematic illustration of the covalent imprinting of 4-nitrophenyl-

α-D- mannopyranose 

 

using 4-vinylphenylboronic acid as functional monomer [85]. 

Jie et al. [85] postulated that two molecules of 4-

vinylphenylboronic acid bonded covalently to the hydroxyl 

groups of the sugar molecule by an ester linkage which formed 

two cyclic boronate ester groups. Subsequently, this template-

monomeric complex was incorporated into a polymer matrix by 

the polymerization of the vinyl function of the monomer with a 

high proportion of cross-linking monomer. Later hydrolysis of 

the ester linkages resulted in the formation of acavity within the 

polymer structure, which is able to covalently rebind the 

template molecule. 

 

Non-Covalent Interactions  

 

In non-covalent imprinting the interactions between functional 

monomer and template during polymerization are the same as 

those between polymer and template in the rebinding step. These 

are based on non-covalent forces such as H-bonding, ion-pairing 

and dipole-dipole interactions as shown in Figure (12). This 

method was first introduced in organic polymers by Arshady and 

Mosbach [87] who reported that methacrylic acid is the most 
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common functional monomer. Due to its simplicity this method 

is the most widely used to create imprinted polymers.  

 

 
 
Figure 12: Examples of interactions found in non-covalent imprinting. A; 

electrostatic: dipole-dipole, B; hydrogen bonding, C; π-π stacking, D; van der 

Waals, E; coordination bond, F; electrostatic ion-ion [87]. 

 

The Semi-Covalent Approach  

 

A semi-covalent approach aims to unite the advantages of the 

covalent and non-covalent approach, the functionality is 

recovered after cleavage of the templates found at the binding 

site, and rebinding takes place via non-covalent interactions. As 

the template is covalently bound to a polymerizable group, the 

functionality which is recovered after cleavage of the template 

should only be found at the binding site. This results in a more 

uniform distribution in binding site affinities [88]. The rebinding 

taking place via non-covalent interactions has no kinetic 

restrictions except diffusion. Two variations in the semi-covalent 

approach can be distinguished in Figure (13). 

(i) The template and the monomer are connected directly 

(ii) The template and the monomer are connected using a 

spacer group.  
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The first true semi-covalent approach was reported by Sellergren 

and Andersson [88] for the imprinting of p-aminophenylalanine 

ethyl ester and was used in combination with the (reversible) 

covalent approach [99]. The semi-covalent imprinting of the 

template cholesterol was the first example of the use of the 

sacrificial spacer approach and is shown in Figure(13). As 

cholesterol has limited functionality, it was a difficult molecule 

to imprint through conventional routes. Cholesterol was attached 

via a carbonyl spacer 4-vinylphenol, resulting in cholesteryl 4-

vinylphenyl carbonate as the template monomer. Following 

polymerization, the cholesterol was cleaved from the polymer by 

base hydrolysis. A phenolic hydroxyl group is left in the binding 

site which is able to interact with cholesterol through hydrogen 

bond formation. Adequate space between functional groups 

remained in order to establish hydrogen bonding and creation of 

an imprinted site displaying a recognition site matching that of 

the cholesterol molecule as shown in Figure (13). 

 

 

 
 
Figure 13: Schematic illustration of the sacrificial spacer approach to the 

molecular imprinting of cholesterol [90]. 
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IPs Polymerization Conditions  
 

Several studies have shown that polymerization of MIP at lower 

temperatures forms polymers with greater selectivity compared 

to polymers made at elevated temperatures. Usually, 60
o
C is the 

preferred polymerization temperature. However, the initiation of 

the polymerization reaction is very fast and therefore hard to 

control at this temperature and results in low reproducibility of 

the molecular imprinted polymer. Furthermore, the relatively 

high temperatures have a negative impact on the complex 

stability, which reduces the reproducibility of the monolithic 

stationary phases and produces high column pressure drops. 

Thus, relatively low temperatures with a prolonged reaction time 

are selected to obtain more reproducible polymerization. When 

complexation is driven by hydrogen bonding,lower 

polymerization temperatures are preferred, and under such 

circumstances photochemically active initiators may well be 

preferred as these can operate efficiently at low temperature. For 

example, Kempeand Mosbach [90] presented a study on 

enantioselectivity of l-PheNHPh imprinted polymers, one 

polymer being thermally polymerized at 60
o
C, the other 

photochemically polymerized at 0℃. The results showed that 

better selectivity is obtained at the lower temperature compared 

to the identical polymers thermally polymerized. The reason for 

this has again been postulated on the basis of Le Chatelier’s 

principle, which predicts that lower temperatures will drive the 

pre-polymer complex toward complex formation, thus increasing 

the number and, possibly, the quality of the binding sites formed. 

Moreover, Krupadam et al. [91] made a cost comparison of MIP 

and activated carbon showing that 1 g of MIP can purify 3,810 l 

of contaminated water with the cost of 1.2 USD, while 1 g of 

activated carbon can purify only 190 l at the cost of 0.9 USD. 

 

Effect of Water Characteristics on IPs Performance  

 
Effect of pH: Changing the pH of the solution can lead to 

ionization of thead sorbate or changes in the surface charge of 

the MIP. Therefore, the effect of pH is specific to the MIP used 

and must be studied separately for each case [92]. Several MIP 

researchers have studied the effects of varying pH on MIP 
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performance and these studies can provide clues about the 

performance of other MIPs in the future. Yu et al. [93] suggested 

that the significant effect of pH on a selected MIP indicated that 

the adsorption was predominately due to electrostatic attractions 

because only electrostatic attractions are sensitive to pH. Li et al. 

[94] recorded a maximum removal of 83.2 % at pH 7 on using 

2,4-dichlorophenol (2,4-D) imprinted MIP. They noted that since 

the main binding force was hydrogen bonding, minimizing the 

concentrations of H
+
 and OH

−
 ions in solution would maximize 

the removal efficiency.  

 

Effect of Ionic Strength: Adding ions to the solution can lead 

either to increased adsorption by decreasing the solubility of the 

adsorbate insolution or to decreased adsorption by acting like a 

shield that decreased the electrostatic attraction between the MIP 

and the template [94] 

 

Effect of Competing Micropollutants: Although MIP is 

designed with one template molecule, similar molecules are also 

capable of binding into the specific cavity, and the template 

experiences some competition from these similar compounds. 

Both MIP and NIP also exhibit some degree of nonspecific 

adsorption, which is not compound specific. Yu et al. [93] 

prepared a solution of PFOS with an equal concentration of 

phenol, sodium dodecyl benzene sulfonate, or 

pentachlorophenol. They observed a decrease in the adsorption 

of PFOS, but the adsorption decreased less for MIP than NIP. Li 

et al. [94] studied adsorption with 2,4-D imprinted MIP in the 

presence of methylbenzene and aniline which have structures 

similarto2,4-D. Adsorption decreased from 83.2 % to 

approximately72 %, but adsorption of the competitors was below 

40 %,indicating good selectivity. 

 

Dual/Multiple Components Imprinting Strategies  
 

Although IPs are suitable to separate and remove metal ions and 

organic compound, improvement of the selectivity is still 

urgently required. Besides the novel, self-synthetic monomers, 

the strategies of dual/multiple functional monomers and 

dual/multiple template ions have gradually aroused increasing 
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attention. Dual template imprinting can have several advantages 

over the conventional technique involving single template 

analytes present in a single sample, as it has memory sites 

complementary to the targeted single analyte. Dual molecularly 

imprinted polymers (DMIPs) can be used for a group of analytes 

in a single sample and can therefore be cost effective, offer short 

analysis time and also simultaneous removal of multiple ions, in 

contrast to conventional MIP. 

 

Application of IPs in Wastewater Treatment  
 

Development of molecular and ionic imprinted polymers with 

separation of organic or inorganic compounds in general prior to 

analysis are considered smart materials. 

 

Ion Imprinted Polymers (IIPs)  

 

IIPs are defined as a group of highly selective materials, which 

recognize selected ions in the presence of different competing 

ions from the same matrices. IIPs are similar to molecularly 

imprinted polymers(MIPs), which are based on the interaction of 

enzymes and antibodies. The difference between MIPs and IIPs 

lies in the type of recognition substance, either molecules or 

ions. Fan et al. [95] prepared a Pb
2+

-imprinted silica sorbent 

functionalized with chelating N-donor atoms for the selective 

removal of Pb
2+

 ion from aqueous solution by hydrothermal- 

assisted surface imprinting technique. The results revealed that 

the Pb
2+

-imprinted silica sorbent had high adsorption capacity 

(61.9 mg/g), fast adsorption equilibrium rate within 30 min, wide 

pH range(3.5 to 6.5) for constant adsorption capacity, high 

selectivity and good regeneration performance. The whole 

preparation process of the Pb
2+

-imprinted silica is shown in 

Figure. (14). 
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Figure 14: Preparation Procedure of Pb(II)-Imprinted Silica Sorbent. 

 

Hongxing et al. [96] prepared Ni
2+

 ion-imprinted sulfonate-

functionalized silica gel polymer with the surface imprinting 

technique by using Ni
2+

 as the template ion, grafted silica gel as 

the support, and 2-acrylamido-2-methyl-1-propanesulfonic acid 

(AMPS) and ethylene glycol dimethacrylate (EGDMA) as the 

functional monomer and cross-linker, respectively. The Ni
2+

 ion-

imprinted silica gel polymer (Ni
2+

-IIP)exhibited a higher 

adsorption capacity and selectivity for 
Ni2+

compared to the non-

imprinted silica gel polymer (Ni
2+

-NIP). The maximum 

adsorption capacities of Ni
2+

-IIP and Ni
2+

-NIP were 20.30 and 

4.87 mg g
−1

, respectively. The relative selectivity coefficients of 

the adsorbent for Ni
2+

 in the presence of Co
2+

, Cu
2+

, Zn
2+

 and 

Pb
2+

 were 4.09, 3.62, 5.78 and 5.86, respectively. The procedure 

is described in Figure (15). 

 

http://pubs.rsc.org/-/content/articlehtml/2017/ra/c7ra00101k#imgfig1
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Figure 15: Scheme for preparation of Ni(II) ion-imprinted polymer. 

 

Mostafa and Esmael [97] prepared ion-imprinted polymer for 

Mn
2+

removal by formation of binary (1-(2-pyridylazo)-2-

naphthol) complex in methanol (porogen), following 

copolymerization with 4-vinylpyridine (VP), 

ethyleneglycoldimethacrylate (EDMA), and 2,20-

azobisisobutyronitrile (AIBN) as a functional monomer, cross-

linking agent, and initiator, respectively. The standardized 

effects of the independent variables and their interactions were 

also investigated using a Pareto chart. Results of the two-level 

fractional factorial design (2
4-1

) based on analysis of variance 

demonstrated that solution pH, amount of polymer, and 

adsorption time were seen to be statistically significant. To 

optimize manganese removal from aqueous solution by 

manganese-imprinted polymer (Mn-IP), a three-factor, three 

level Box-Behnken statistical experimental design was used with 

15 experimental data obtained in a batch study. The significance 

of independent variables and their interactions were tested by the 

analysis of variance (ANOVA) with 95% confidence limits. The 

optimum conditions were pH=9.7, 44.4 mg polymer, and 19.1 

min adsorption time. Vusumzi et al [98] prepared a ternary 

complex of Ni
2+

 ions with acrylamide and 1-vinylimidazole as 

co-monomers in porogenic methanol. Polymerization was 

effected by addition of ethylene glycol dimethacrylate as a cross-
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linker and 1,1azobis(cyclohexanecarbonitrile) as initiator. 

Optimum rebinding time was achieved after 10 min with good 

accessibility (pores on the surface of the polymer as discussed by 

SEM). The shorter contact times can also be explained by a 

known high affinity of Ni
2+

 ions for amino donors on acrylamide 

and vinylimidazole functional monomers. Xiaoyan et al. [99] 

synthesized a Cd magnetic ion-imprinted polymer (MIIP) via 

surface imprinting, using methacrylic acid and acrylamide as 

dual functional monomers, vinyltrimethoxysilane as ligand, 

Fe3O4@SiO2 as support, azodiisobutyronitrile as initiator, and 

ethylene glycol dimethacrylate as cross-linker. The maximum 

adsorption capacities of the MIIP and magnetic non-imprinted 

polymer for Cd
2+

 were 46.8 and 14.7 mg.g
-1

, respectively. The 

selectivity factors of Pb
2+

, Cu
2+

, and Ni
2+

 were 3.17, 2.97, and 

2.57, respectively. The adsorption behavior of Cd
2+

 followed the 

Freundlich isotherm and a pseudo second-order model. The 

MIIP was successfully used for the selective extraction and 

determination of trace Cd
2+

 in representative rice samples. The 

limit of detection and recovery of the method was 0.05 μg·l
-1

 and 

80–103%, respectively, with a relative standard deviation less 

than 4.8%. A schematic diagram of the preparation of magnetic 

ion-imprinted polymer (MIIP) is shown in Figure (16). 

 

 
 
Figure 16: Schematic diagram for the preparation of magnetic ion-imprinted 

polymer (MIIP). 

 

Molecular Imprinted Polymers (MIPs)  

 

The applications of MIPs to remedy contaminated water can be 

divided into four aspects:  
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 Technologies using MIPs as selective tools for 

determination of pollutants in wastewater. 

 Technologies using MIPs as a kind of effective sorbent for 

purification of pollutants. 

 Technologies using MIPs to improve the efficiency of 

catalytic removal for organic matters. 

 Application of MIP-based fluorescence sensor to 

recognize and directly quantify target analytes. 

  

Due to their advantageously high selectivity and strong affinity, 

MIPs became efficient materials for selective recognition, 

separation, determination, and purification of pollutants in 

wastewater. 

 

According to previous research, mechanisms of contaminant 

adsorption in aqueous phase by MIPs can be classified into two 

types: nonspecific adsorption and specific adsorption. 

 

Nonspecific adsorption results from hydrogen bonding, 

hydrophobic interaction, or van der Waals force, while specific 

adsorption comes from the selectivity recognition cavities 

which were introduced during the imprinting process. Saliza et 

al. [100] studied the preparation of a molecularly imprinted 

polymer for the removal of methylene blue dye from aqueous 

media. The methylene blue-molecularly imprinted polymer was 

prepared using bulk polymerization via radical polymerization 

containing methylene blue as a template, methacrylic acid, as a 

monomer, ethylene glycol dimethacrylate as a cross-linker, 

benzoylperoxide as an initiator and tetrahydrofuran as a solvent 

(porogen) in ratios of 0.117 mmol, 0.930 mmol, 4.650 mmol, 

10.000 mg and 30.000 ml, respectively. The block polymer 

obtained was ground and sieved using a 90 μm sieve and the 

methylene blue template was removed from the methylene blue-

molecularly imprinted polymer by extracting it with 

methanol/acetic acid/water (8:1:1) mixture. The non-molecularly 

imprinted polymer was synthesized as a reference. The 

methylene blue-molecularly imprinted polymer was 

characterized by using Fourier-transform infrared spectroscopy, 

scanning electron microscopy, a particle size analyzer and N2-

adsorption/desorption techniques. The effect of different 
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parameters such as pH, time and concentration of methylene 

blue, selectivity and reusability of the methylene blue-

molecularly imprinted polymer were evaluated. Maximum 

sorption of methylene blue occurred at pH 5 within 30 s. The 

sorption followed a pseudo second-order kinetic model. The 

adsorption isotherm of methylene blue followed the Freundlich 

isotherm model. The selectivity study had proved that the 

methylene blue-molecularly imprinted polymer was highly 

selective to the methylene blue analyte. Hager et al. [101] 

studied the preparation of a molecularly imprinted polymer 

(MIP) deposited on the surface of magnetic hydroxyapatite 

(MHAP) which was used as a sorbent for dibenzothiophene 

(DBT) removal. The MIP/MHAP and NIP/MHAP were 

synthesized by grafting polymerization and surface molecular 

imprinting using DBT as the template molecule, styrene as the 

functional monomer, and ethylene glycol dimethacrylate as the 

cross-linker. The experimental data exhibits excellent adsorption 

capacity for DBT that reaches 247 mg/g within 60min. The route 

of preparation and the mechanism of the desulfurization process 

are shown in Figure (17). 

 

 
 
Figure 17: Schematic illustration of the prepared route. 
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Hager [102] used photo-coupling of Ag3Po4-Ag2CO3 with 

molecularly imprinted polymer using the Taguchi method for 

enhanced photocatalytic removal of phenol under sunlight 

exposure. The results indicate that the optimum dosage of the 

catalyst was1.5 g/l, pH =9, phenol concentration = 50 mg/l, and 

irradiation time = 120 min, and the phenol removal efficiency 

reached up to 73.9 % at these optimal conditions. MIPs have 

been used in recent studies for the selective removal of single 

pollutants or groups of pollutants from complex water samples. 

For example, a MIP was used for the selective removal of single 

contaminants, such as 17b-estradiol at trace concentration [103], 

2,4-dichlorophenol from contaminated water [104], cephradine 

from water [105] and phenol from aqueous solution [106]. 

In addition, magnetic particles (Fe3O4) have drawn considerable 

attention because of the fundamental scientific interest and the 

promising application in separation, catalysis, and biological and 

environmental remediation. Moreover, Fe3O4shows advantages 

such as low toxicity, low cost, and eco-friendliness. More 

recently, there has been an increasing interest in combining 

magnetic particles with molecular imprinting technique for the 

comprehensive benefits in selectivity and sensitivity. It is 

expected that the presence of the magnetic particles and MIPs 

will provide a new approach toward separation application and 

broaden the use of MIPs in wastewater treatment. When 

magnetic particles are encapsulated inside of imprinted 

polymers, the resulting MMIPs cannot only selectively recognize 

the target analytes, but also can be quickly isolated from the 

complex matrix with an external magnetic field.  

 

Selective Separation/Recovery Based-Imprinted Membranes   

 

Investigation of MIP membranes has increased during the last 

few years. Work has been published on the preparation of MIP 

membranes, showing specific permeability and separation for 

template/ligands such as cholesterol, nucleotides, and various 

drugs. Recently, MIP membranes prepared by photo-initiated 

surface modification of microfiltration membranes in the 

presence of template molecules have attracted much research 

interest due to the ability to change their diffusive permeability 

automatically by responding to the template molecules [107].The 
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vision of a tailored and truly molecule selective separation for a 

wide range of target molecules is the strongest motivation for the 

development of imprinted membranes. Molecular imprinted 

membranes for chiral separations may be the first examples for 

practical applications. In comparison with chromatography, the 

up scaling of a membrane separation should be much easier. 

Such success could serve as a ―door opener‖ for other imprinted 

membranes. Molecular imprinted membranes with a 

microporous barrier enabling facilitated trans-membrane 

transport using imprinted sites would enable continuous 

separation. ―Gate imprinted membranes‖ could be developed 

towards environment sensitive or switchable membranes. All 

technical areas with pure or purified special target molecules as 

products will in the future benefit from such novel imprinted 

membranes separation. Alternatively, imprinted membrane 

absorbers will be used mainly for isolation and removal of small 

molecular fractions, especially from a large volume. Such 

imprinted membranes will be applied instead of conventional 

absorbers or in combination with other membrane separation 

steps, especially in water treatment, and in food and 

pharmaceutical industries. 

 

The MIP membranes have shown selective adsorption of target 

molecules [108].Casting mixtures of polymers and templates for 

the preparation of MIP membranes has been used only in a few 

studies [109]. For such conventional MIP membranes, the 

limited accessibility of MIP binding sites due to a random 

distribution inside and on the surface of the bulk polymer 

remains one of the main unsolved problems. A functional 

polymer, sulfonatedpolysulfone (SPS) with a degree of 

substitution of 0.10, was prepared and then blended with 

cellulose diacetate (CA) as the matrix polymer for the 

preparation of molecularly imprinted polymer (MIP) membranes 

via phase inversion from a casting solution containing a 

template. Polyethylene glycol was found to be compatible with 

these polymers and was subsequently used as pore forming 

agent. Optimization studies with the aim to enhance the 

membrane permeability were carried out with respect to solvent, 

polymer blend composition and total polymer concentration. The 

effects onto pore structure were also studied by membrane water 
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uptake and specific surface area measurements. In conclusion 

from these investigations, dimethyl sulfoxide was chosen as the 

solvent, the CA/SPS composition was maintained at 90/10 (w/w) 

to minimize non-specific template binding and the total polymer 

concentration was set at 13 wt%. MIP membranes based on 

CA/SPS blends with rhodamine B (RhB) as template were 

prepared using the optimized conditions. Results for re-binding 

of RhB during filtration through MIP as well as blank 

membranes, prepared without RhB, provide evidence for surface 

imprinting of the porous membranes, Nor et al.[110] studied the 

removal of 2,4- dinitrophenolusing MIP membrane, prepared by 

hybridization of MIP particles with cellulose acetate (CA) and 

polystyrene (PS) after being ground and sieved using bulk 

polymerization in acetonitrile using 2,4-dinitrophenol, 

acrylamide, ethylene glycol dimethacrylate, and benzoyl 

peroxide, as the template, functional monomer, cross-linker, and 

initiator, respectively. The sorption capacity of the other sorbent, 

PS-MIP, is lower than that of CA-MIP. For CA-MIP, as the pH 

value of the solution increased, the adsorption efficiency 

gradually increased and attained a maximum value at pH 7 and 

then decreased in the basic pH range. This may be because the 

main binding forces between CA-MIP and the 2,4-DNP 

molecule are both an ionic interaction and a hydrogen bond. 

Soheil et al. [111] prepared Cu
2+

-ion-imprinted membrane 

adsorbents via cross-linking of blended chitosan/poly(vinyl 

alcohol) using glutaraldehyde as cross-linker and copper ions as 

template. The ability of IIMs to adsorb copper ions from aqueous 

solutions was assessed using a batch of experiments under 

different conditions by changing cross-linking density (0.05 

mass %, 0.1 mass %, and 0.2 mass %), template content (0.2 

mass %, 0.5 mass %, and 0.9 mass %), initial analyte 

concentration (50 mg l
−1

, 100 mg l
−1

, and 150 mg l
−1

), and 

adsorbent concentration (0.5 g l
−1

, 1.0 g l
−1

, and 2.0 g l
−1

). The 

Taguchi method was used to plan a minimum number of 

experiments. The following optimal levels were thus determined 

for the four factors: cross-linking density: 0.1 mass %; template 

content: 0.5 mass %; initialanalyte concentration: 150 mg l
−1

; 

and adsorbent concentration: 0.3 g l
−1

. 
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Due to the biological and environmental impact of metal ions, 

the development of new methods for selective separation, 

purification and determination of these compounds are of 

continuing interest. A new approach was proposed for preparing 

a metal ion-imprinted polymer membrane through in situ 

polymerization using the Zn
2+

-(2,2'-bipyridyl) complex as the 

template, and 4-vinylpyridine as the monomer [112]. The 

imprinted membranes revealed higher selective adsorption and 

permeation for the template than for the control non-imprinted 

membranes. Selective permeation of Zn
2+

 over Cu
2+

 was 

observed. Imprinting with Ag
+
 overcame this problem. 

Competitive removal of Ag
+
/Cu

2+
 and Ag

+
/Ni

2+
 from mixtures 

were also studied. The non-imprinted membranes are selective 

for Cu
2+

 and Ni
2+

.Chitosan-imprinted membranes showed 

relative selectivity coefficients for Ag
+
/Cu

2+
 and Ag

+
/Ni

2+
 9 and 

10.7 times higher than the non-imprinted membrane, 

respectively. In this way, the imprinted membranes are good for 

selective silver removal in a solution containing interfering ions 

such as Cu
2+

 and Ni
2+

. 

 

Molecularly Imprinted Biodegradable Polymers  
 

In the last few years, there has been a world-wide research effort 

to develop biodegradable polymers as an environmental waste-

management option. Biodegradable polymers have attracted 

considerable interest for applications to drug delivery, owing to 

their biocompatibility and control of drug release [113]. Indeed, 

biodegradation of polymeric components may prevent 

accumulation of the nanoparticles in organs and tissues, thus 

improving the safety profile of the material, while enabling fine 

control of release kinetics. Hyeon-Kyeong and Beom [114] 

studied novel biodegradable MIPs based on poly(lactic 

acid)(PLA) and poly(ethylene glycol) (PEG) which can be 

potentially utilized as biomedicaland environmentally 

degradablematerials with molecularrecognition properties. A 

biodegradable cross-linker, diacrylated PLA-PEG-PLA triblock 

copolymer was synthesized through ring-opening polymerization 

of D,L-lactide using hydrophilic PEG as a macroinitiator, 

followed by diacrylation of the end groups for the introduction of 

the polymerizable vinyl groups. These macromers were used to 
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prepare biodegradable molecularly imprinted polymers (MIPs) 

by photopolymerization with methacrylic acid (functional 

monomer) and theophylline (model template). Various polymers 

were prepared by changing the ratio of functional monomer to 

the cross-linking agent and the macromere concentration to 

obtain optimum conditions for MIP synthesis. The highest 

binding amount and distribution coefficient were obtained with a 

molar ratio of functional monomer to cross-linker of 1:1 and 

40% (w/v) of macromer concentration. The theophylline-

imprinted polymer demonstrated higher rebinding capacity to 

theophylline than its corresponding non-imprinted polymer 

(NIP) and selectivity for the ophyl line over caffeine (similar 

structure molecule), suggesting that these polymer networks can 

potentially be used as biodegradable materials with specific 

molecular recognition properties. Meng et al. [115] regenerated 

MIP with methanol/acetic acid (9/1, v/v) and were able to reuse 

the particles for five cycles without a loss in efficiency. Lin et al. 

[116] showed that the regenerated particles could be used for 30 

cycles with no loss in efficiency. However, these researchers did 

not continue testing the regeneration of the particles until they 

observed a decrease in performance so it is unknown how many 

times their particles could actually be regenerated.  

 

Conclusion and Outlook  
 

Water pollution causes critical environmental problems for 

individual organisms and the population as a whole. Water used 

in domestic, industrial, and agricultural sectors is usually 

returned to rivers, lakes, estuaries, or oceans. However, 

industrial effluent is usually polluted by organic compounds and 

their derivatives being the most common. Thus, there is a need 

for an economically feasible technology for efficient removal 

and recovery of pollutant from aqueous solutions. The process of 

imprinting technique has many attractive features including the 

easily selective removal and recovery of pollutant with low 

capital and operational costs. The understanding of the 

mechanisms of interaction between the templates molecules (i.e., 

organic molecules and/or metal ions) and the polymer matrix is a 

fundamental challenge in molecular imprinting method (MIPs or 

IIPs).Therefore, it could be a useful tool to design of selective 
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IPs sorbents for the simultaneous removal and recovery of 

hazardous metals fromaqueous environment, especially precious 

elements like gold and silver, which is the focus of IPs. Future 

work should be done to investigate the use of new, more 

sensitive ligands for 

 

 Enhancing the selectivity towards multiple molecules 

 Exploring thin film membrane approaches for faster 

recovery response 

 Developing ―cocktail‖ approaches for multi-component 

recovery (organic and inorganic) 

 Enhancing on-line regeneration of IPs.  

 

To date, these are still challenges and could be resolved by 

increased focusing on the influence of other chemicals on the 

existing preparation technologies and selectivity to attain high 

scale production of ion imprinted polymers (IIPs).During the 

batch production, it should be kept in mind that cost-saving is 

almost always the primary requirement, but selectivity is the 

main goal to produce large amounts of IPs and biodegradable IPs 

polymer for successful commercialization. 
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Abstract  
 

Superabsorbent polymer (SAP) blend has been synthesized from 

Carboxymethyl Cellulose (CMC), starch, and aluminum sulfate 

octadecahydrate cross-linker. Water Absorption Capacity 

(WAC), FTIR, SEM, DSC, CHO, Flame Photometer and 

ignition tests are carried out to determine the used CMC formula, 

investigate the cross-linking process, and suggest a cross-linking 

model. Flame Photometer results showed there are two sodium 

acetate groups in the CMC molecule. This result confirmed by 

theoretical calculations and CHO test. To investigate which of 

Al
3+

 and SO4
2-

 ions causes the cross-linking: the extraction of the 

cross-linked CMC/starch tested with BaCl2 solution(showed 

dense white precipitate ; sulfate group not share for blend 

formation), NaOH solution( showed white precipitate of 

aluminum hydroxide; Al
3+

 ion present (i.e. Al
3+

 ion share in the 

blend structure). These results confirmed by flame test for 

sodium ion, which showed high Na emission energy (5.75); there 

is an exchange between Al and Na ions. To check that aluminum 

is a part of the structure, sample of the cross-linked CMC 

ignited. A white precipitate appear for aluminum oxide ,which 

confirms the presence of Al. Based on that there are three CMC 

molecules connected to each Al atom, theoretical calculations 

about the amount of Al in the cross-linked CMC molecule 

showed a good agreement with the CHO results (5.613% Vs. 

5.739 % respectively). FTIR spectrum of the cross-linked 

CMC/starch blend showed that there is a reaction between CMC 

and starch molecules; i.e. the new repeating unit contains three 

starch molecules. This conclusion confirmed by theoretical 

calculations and results of EDX, CHO, and ignition tests. Al% in 

the new mer appeared a good agreement between theoretical 

calculations (4.32%) and CHO results (4.512%). Ignition test 

calculations confirmed that the new mer contains three Al atoms. 

Evidences of the occurrence of the cross-linking process were 

obtained from FTIR, morphology, DSC and absorbency results. 

Absence of the primary hydroxyl alcohol band in the 

CMC/starch blend spectrum indicates that this site is active and 
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the reaction between starch and CMC molecules occurs through 

it. Morphologies studies showed that the sample after 

crosslinking is more compact than before as well as show one 

piece for after cross-linking comparing with different pieces 

before cross-linking. Optimum cross-linking ratio appeared to be 

2wt% corresponded to WAC equal to 58 g/g in distilled water 

and DSC results indicates that CMC/starch is a miscible blend. 

 

Keywords  
 

Superabsorbent Polymer; Cross-Linking; NaCMC 

 

Introduction  
 

Superabsorbent polymers (SAPs) are one of the most fascinating 

materials in modern polymer technology. These polymers are 

able to absorb up to 1500 g of water per gram of SAP [1].SAPs 

containing absorbed liquid are called a hydrogels [2]. 

 

The swelling properties of these hydrogels have attracted the 

attention of researchers and technologists, and have found wide-

spread applications in drug delivery systems, agriculture, 

separation processes and many other fields [3]. 

 

Generally they consist of a network of polymer chains that are 

cross-linked to avoid dissolution. Usually there are ionic 

functional groups along the polymer chains to encourage 

diffusion of water within the network [4]. 

 

Crosslinking Process  
 

Cross-links between polymer chains form a three-dimensional 

network and prevent the polymer swelling to infinity i.e. 

dissolving. Cross-linking makes SAPs insoluble in water [5]. 

 

This is due to the elastic retraction forces of the network, and is 

accompanied by a decrease in entropy of the chains, as they 

become stiffer from their originally coiled state [6]. 
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Crosslinks can be formed by covalent, electrostatic, or 

hydrophobic bonds, or dipole–dipole interactions [7]. 

 

Small amounts of cross-linkers play a major role in modifying 

the properties of superabsorbent polymers. In addition to 

modifying the swelling and mechanical properties, the cross-

linker affects the amount of soluble polymer found during the 

polymerization. Efficiency of crosslinking will also depend on 

steric hindrance and reduced mobility at the site of pendant 

double bonds, the tendency of a given cross-linker to undergo 

intermolecular addition reactions, and the solubility of the cross-

linker in the monomer mixture [8]. 

 

The cross-linking agent, is a monomer with two or more double 

bonds, decrease the molecular freedom by joining polymer 

chains together through covalent or ionic bonds to form three-

dimensional network. It is network allows liquid absorption into 

the empty spaces between the polymer chains and prevents the 

polymer to dissolve due to the elastic retraction forces of the 

network. The degree of cross-linking increases the strength of 

the network (gel strength) [9]. 

 

Covalent crosslinks are formed when the major monomers (e.g., 

acrylic acid) is copolymerized with a di-,tri-, or tetra – vinyl 

monomer such as N,N-methylenebis(acrylamide). Ionic cross-

links are formed by reacting a polyvalent ion of opposite charge 

with the charged polymer chains. The crosslink forms as a result 

of charge association of the unlike charges. 

 

Physical crosslink usually formed by means of hydrogen 

bonding of segments of one chain with the segments of another 

chain. 
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Crosslinking Types in Superabsorbent 

Polymers (SAPs)   

 
There are two main types of cross-linking in most SAPs: 

 

Bulk or Core Crosslinking  
 

Normally takes place during the polymerization stage of 

superabsorbent production. In SAP manufacture the most will be 

consumed in the early stages of the polymerization and any 

polymer chains made during the latter stages will be less likely 

to cross-link and end up as extractable chains. 

 

Cross-linkers with low reactivity ratios have the opposite 

tendency. The choice of cross-linker or mixture of cross-linkers 

determines the structure of the final polymer network. 

 

Generally, low molecular weight polymer chains, that are not 

incorporated into the polymer network are called the soluble or 

extractable fraction. The degree of soluble polymer is important 

in determining the optimum cross-linker level and performance 

of the product. Too little cross-linker and the polymer will have a 

high swelling capacity, low strength against pressure and a tacky 

feel due to high extractable, and too much will give low 

extractable, low tackiness but a low swelling capacity. 

 

Surface Crosslinking  
 

Improving the absorption against pressure and the swelling rate 

of a SAP can be achieved by cross-linking the surface of the 

particles. Post cross-linking is normally performed on the dried, 

milled and sized SAP as the final stage of the process. 

 

Surface cross-linking of the superabsorbent particles improves 

the flow significantly. The surface-cross-linked particles 

maintain their shape during the swelling process, which 

generates a less densely packed gel bed with air pockets, so the 

fluid can flow in a less restricted fashion (Figureure 1, b). This 

higher permeability allows for a more efficient use of the gel bed 

[10]. 
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Figure 1: Schematic representation of the swelling and flow of aqueous 

solutions through the (a) uncross-linked and (b) surface-cross-linked SAP 

particles in the gel bed [10] 

 

common types of cross-linker are organic molecule that contain 

two or more polymerizable double bonds. These molecules are 

incorporated into the backbone of the polymer chains as they 

grow during the polymerization reaction. 

 

Reactivity ratios are a measure of the affinity for each of the 

reaction components to react with each other, i.e. does an acrylic 

acid molecule prefer to react with one like itself or something 

else like a cross-linker molecule for example [6]. 

 

Experimental Part  
Materials  
 

Carboxymethyl Cellulose Sodium Salt NaCMC and corn 

starch(25% amylose and 75% amylopectin) were obtained from 

HIMMEDIA Laboratories Pvt. Ltd. Company (India) . Pure 

Aluminum Sulfate Octadecahydrate Al2(SO4)3.18H2O was 

obtained from REACHIM Company (USA). 

 

Preparation of the Cross-Linked CMC  
 

An appropriate amount of CMC solution agitated for 1 hour at 

70
0
C. Aluminum sulfate octadecahydrate cross-linker was added 

and allowed to mix for another 30 minutes. The solution was 

then spread on Teflon baking pans and dried at70°C( in a WG 71 
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Electric Blast Dry Box) until a film is formed. The film was 

shredded with a blender, then ground into a powder with a 

mortar and pestle. 

 

Preparation of the Cross-Linked CMC/Starch Blend  
 

The cross-linked CMC/ starch blend prepared as follows: An 

appropriate amount of starch dissolved in distilled water (DW) in 

water bath 80
0
C for 45 minute. Dried film of the cross-linked 

CMC, was crushed and dissolved in DW. Using magnetic hot 

plate, gelatinized starch (step1) mixed with the solution obtained 

from step 2 for 30 minute at 70
0
C. Result paste was dried 

overnight at100
0
C, crushed, and tested. 

 

Tests  
Water Absorption Capacity (WAC)  
 

WAC was measured using tea-bag method according to the 

following equation: 

 

𝑊AC =
      

  
        

 

Where W0: dry weight and W1 wet weight 

 

Structural Analysis  

 

Infrared spectra of the SAPs in KBr pellets(mass ratio of 1:10) 

were obtained from 4000 – 400 cm
-1

 using IR Affinity-1 

SHIMADZU Fourier Transform Infrared Spectrometer Class 1 

laser product. 

 

Analytical Scanning Electron Microscope (SEM), model (Tescan 

VEGA-SB) used to examine the surface morphology of gels, 

which is first sputtered with gold. 

 

To measure Tg, differential scanning calorimetry (DSC) , type 

ETTLER TOLEDO (Switzerland), model DSC1 was used with 

STAR*E software, test conditions (Temperature range: 25-

300
0
C, Heating rate:10 K/ min, N2 gas 50 ml/min). 
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CHO Test  
 

EURO EA Elemental Analyzer, EURO Vector Company, Italy 

 

Jenway PFP7 Flame Photometer  
 

The PFP7 operates with liquefied petroleum gas (LPG) and 

supplied with Na, K, Ba, Ca and Li filters. Before use, 

calibration with a series of standard NaCl solutions was done. 

 

Results and Discussions  
Water Absorbing Capacity (WAC)  
 

Results shows that this hydrogel belong to the superabsorbent 

hydrogels, since it absorbs 58 times its original weight. 

 

FTIR Results  
 

Figure (2) shows the FTIR spectra for the starting materials 

(CMC and starch) and the cross-linked CMC/starch blend. 

 

 
 
Figure 2: FTIR spectra of CMC, starch, and CMC/starch blend 

 

The CMC spectrum (Figureure 2) proves that the sample is CMC 

because it has a fingerprint region for CMC bands. Mario et al., 

have found the carboxyl groups and its salts appear at wave 

numbers of 1600-1640 cm
-1

 and 1400-1450 cm
-1
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respectively[11].The band at 1030 cm
-1

 is due to carboxymethyl 

ether group > CH O CH2- stretching . 

 

The presence of strong absorption band at 1605 cm
-1

confirms the 

presence of C=Ogroup(indicated CMC), where absorption band 

associated with C=O bond stretching are usually very strong 

because a large change in the dipole takes place in that model. 

Band at 1111 cm
-1

 belong to the –C-O-C asymmetry bridge 

stretching [12]. 

 

Weak bands at around 770 cm
−1

 are due to ring stretching and 

ring deformation of α-D-(1–4) and α-D-(1–6) linkages 

respectively. The band at 2924 cm
−1

 is due to C–H stretching of 

the –CH2 and CH3 groups [13]. 

 

The band around 1320 cm
-1

 is assigned to OH bending vibration. 

Broad absorption band at 3200 - 3600 cm
-1

, due to the stretching 

frequency of the –OH group [7]. 

 

Starch spectrum shows C-C stretching at 764 cm
-1

 , skeletal 

mode vibrations of α-1,4,glycosidic linkage (C-O-C) at 930 cm
-1

, 

primary alcoholic –CH2OH stretching mode at 1078 cm
−1

, C-O-

H bending at 1094cm
-1

, C-O stretching at 1163cm
-1

, , CH2 

bending at 1415 cm
-1

 , water adsorbed in the amorphous regions 

of starch at1642 cm
-1

 , O-H stretching at 3000-3600 cm
-1

 [14]. 

 

Investigation of Cross-Linking  
 

Many evidences of the occurrence of the cross-linking process 

were obtained through this study. Those evidences provided by 

FTIR, morphology, and absorbency results.  
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Figure 3: Surface morphologies of CMC/starch blend with different 

magnifications (a) before (b) after cross-linking with Al2(SO4)3.18 H2O 

 

In the CMC/starch blend spectrum, the absence of the starch 

primary alcoholic band indicates that this site is active and the 

reaction between the starch molecule and the CMC molecule 

occurs through this site [15]. Also, the appearance of the –

COONa and C=O groups refer to the efficiency of the blending 

process. Broadening band at 2900 – 3600 cm
-1

 is due to the huge 

amount of –OH groups in the blend from both starting materials 

(CMC and starch). 

 

From morphologies studies, as seen in Figureure 3, it seen that 

there is a different general structures. It is clear the sample after 

crosslinking ismore compact than before as well as show one 

piece for after cross-linking comparing with different pieces 

before cross-linking . This is due to binding the CMC molecules 

by the cross-linker aluminum sulfate octadecahydrate especially 

there are three CMC molecules connected to one atom of 

aluminum, so that the space between molecules before cross-

linking disappear after that, i.e. more compact molecule. 
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Evaluation of Blend Miscibility 
 

Since that differential scanning calorimetry (DSC) used for 

discrimination between miscible and immiscible polymer 

blends(where one Tg indicates a miscible system, while two Tg' s 

indicate an immiscible blend, and the two Tg shifted to the 

direction of their average is typical of partially miscible systems) 

[16], it can be concluded from Figureure 4 that CMC/starch is a 

miscible blend. 

 

 
 
Figure 4: DSC curves for CMC, starch, and the CMC/starch blend 

 

Optimum Cross-Linking Ratio  
 

The effect of the amount of aluminum sulfate octadecahydrate, 

which was used as the cross-linker in the polymerization, was 

studied and the result was shown in Figure 5. The max of 

absorbency (58 g/g in distilled water) was at 2% of aluminum 

sulfate octadecahydrate. Above and lower this percent the degree 

of water absorbency decreases. 

 

According to Floy’ theory, increasing cross-linker could increase 

the nodes of network and the cross-linker density, which is 

favorable to the super-absorbent absorbing and retaining fluid 

[17]. 
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Low concentration of the cross-linker leads to low degree of 

cross linking, and it is hard for network structure to form, so the 

water absorbency is low. However, when it is higher than the 

best value, there are more cross-linking points and the pores 

become smaller in the network, which causes the macroscopic 

decrease of the absorbency [18]. 

 

 
 
Figure 5: Optimum percent of aluminum sulfate octedecahydrate cross-linker 

 

It was observed that increasing the concentration of the acidic 

cross-linking agent (such as the aluminum sulfate 

octadecahydrate) up to a certain limit enhances the swelling 

properties of CMC hydrogel. Cross-linker concentration higher 

than this limit decreases significantly the swelling of the 

hydrogel. This could be ascribed to decrease flexibility of the 

chains and the ability of the chains to undergo segmental motion. 

Diffusion of the hydrolyzing agents (water) into the polymer 

network also decreases thereby giving rise to more rigid 

structure of the polymer Network [7]. 

In order to suggest a reasonable cross-linking mechanism, some 

tests and investigations have been done to follow the reactions 

between the cross-linker and the starting components (CMC and 

starch). 

 

Determination of Chemical Formula of CMC  
By using standard sodium chloride solution, three standard 

concentrations (37.5,75, and 150 ppm) of sodium chloride 
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(NaCl) is studied using emission spectrum technology, 

JENWAY pfp7 Flame Photometer (see Figure 6). 

 

 
 
Figure 6: Calibration curve for Na 

 

Unknown solution of 0.1 g CMC in 100ml distilled water used to 

check the number of sodium acetate group, which 105 ppm of 

sodium. From this concentration calculation shows the presence 

of two acetate groups. 

 

Theoretically, the concentration of the sodium in the unknown 

solution assuming there are two sodium acetate groups in the 

CMC molecule can be calculated as: 

 

 

Weight of CMC/g Weight of 

sodium/g 

484 46 

0.1 X 

 

X = 
0.1 X 46

 = 95 ppm 
848 
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Figure 7: Chemical structure of the used CMC. 

 

Which is in a good agreement with the result obtained practically 

(105 ppm), thus the used CMC molecule contained two acetate 

groups with the molecular weight of 484 g/mol, i.e., the structure 

will be as seen in Figure 7. 

 

To confirm that, a CHO test is carried out (using EURO EA 

Elemental Analyzer). As shown in Table 1, the CHO results 

were coincide with the theoretical calculations. The sample may 

not be completely dry 

 
Table 1: Elemental chemical analysis of the used CMC. 

 
Element Theoretically % Practically %[CHO 

test] 

C 39.669 38.985 

H 4.545 4.615 

O 46.282 45.900 

Na 9.504 10.500* 

* Determined by Flame Photometry method 

Investigation of the Active Ion  
 

When aluminum sulfate octadecahydrate [Al2(SO4)3.18H2O] 

cross-linker dissolve in water, the material dissociates into 

2Al
3+

 and 3SO4
2-

. It is necessary to investigate which of these 

ions enters the cross-linking reaction. 

 

To answer the above question, the following procedure have 

been adopted: 
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 Pieces of the cross-linked CMC/starch blend immersed in 

hot water 70
0
C for 30 minutes and then filtered. The 

extraction then divided into two parts. 

 The first part is tested for sulfate group using BaCl2 
solution, shows dense white precipitate; i.e. that the 
sulfate group not share for blend formation. 

 The second part is tested for Al3+ ion using NaOH 
solution, shows the absence of Al+3 ion, which 
indicates that the Al3+ ion share in the blend structure. 

 To confirm this conclusion, test was carried out with 

platinum wire test on sodium flame shows high Na 

emission energy (5.75 compared with 0.0 to the distilled 

water), which indicates that there is an exchange between 

Al and Na ions. 

 To check that aluminum is a part of the structure or not, 

sample (1.5523 g) of the cross-linked CMC ignited to 

800
0
C for 2 hours in which all hydrocarbons converted to 

CO2 and H2O, while Al changes to oxide if it present. 

 

A white precipitate appear (0.1684g) for aluminum oxide 

(Al2O3) and this test confirms the presence of Al. 

 

The amount of Al in this Al2O3 precipitate can be calculated as 

follows: 

 

Weight of 

Al2O3/g 

Weight of 

Al /g 

102 54 

0.1684 X 

 

X = 0.0891 g of Al 

 

and from Na platinum wire test shows that the presence of Na 

ion in the solution of the blend which indicates that Al 

substitute Na in the blend. 

The Al % in this cross-linked CMC structure can be calculated 

as follows:  
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Al % = 
           

                    
         

      

      
       

       
 

 

Since that the Al ion is a trivalent, three CMC molecules  

weight is 1875 g/mol of the mer.(Figure 9) can connect to this 

ion to form the cross-linked CMC (molecular weight of the 

mer is  1443 g/mol for the repeating unit) as shown in Figure 

8. 

 

 
 

 
Figure 8: Proposed cross-linking mechanism between Al ion and CMC 

molecules 

 

Theoretically, the Al% of this structure can be calculated as 

follows: 

 

Al % = 
                   

                                    
       

 
      

    
                 

 

Which is in a good agreement with the practical Al% value; 

5.739 % as shown in Table 2. 
Table 2: Elemental chemical analysis of the cross-linked CMC. 
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Element Theoretical

ly % 

Practically %[CH

O test] 

C 39.916 39.275 

H 4.573 4.470 

O 49.898 50.516 

Al 5.613 5.739* 

 
* Determined by ignition method 

 

The following calculation confirms that this structure  

contains three Al  atoms: 

 

The following calculation confirms that this structure contains 

three Al atoms 

 

Weight of cross-linked CMC/g                             Weight of Al/g 

                 1.5523                                                           0.0891 

                 1443                                                                 X 

X = 82.82 Al x No. of Al atoms = 
            

                      
 

 
     

  
             

 

Cross-Linked CMC/Starch Blend  
 

FTIR spectrum for the cross-linked CMC/starch blend (Figure 

3) showed the absence of the hydroxy primary alcoholic group 

in the starch molecule at 1078 cm
-1

 .This indicates that the link 

between starch and CMC molecules occurs at this site, which 

can be attributed to lowest space hindrance at this site. This 

means the new repeating unit contains three additional starch 

molecules; the molecular 
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Figure 9: Proposed cross-linking mechanism model for the Al/ CMC / 

starch blend. 

 
Table 3: EDX test for the cross-linked CMC/starch blend. 

 
Eleme App

Co 

Intensity Weigh

t 

Weight%Si

g 

Atomic 

nt nc. rr. % ma % 

C K 27.71 0.4154 43.06 1.93 46.5 

O K 31.51 0.3664 55.50 1.91 48.86 

Al K 1.79 0.7985 1.45 0.28 4.64 

Total   100.00   

 

To confirm this chemical structure, in addition to the EDX 

results (Table 3 and Figure 10), a comparison between the 

practical CHO test results and their theoretical calculations was 

done (Table 4). Therefore, sample (1.921 g) of the cross-linked 

Al/CMC/ starch blend ignited at 800
0
C for 2 hours. A white 

precipitate appear (0.1615g) for aluminum oxide (Al2O3). 
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Figure 10: EDX spectrum for the cross-linked CMC/starch blend. 

 
Table 4: Elemental chemical analysis of the cross-linked CMC/ starch blend. 

 

Element Theoretic

ally % 

Practically %[CHO 

test] 

C 42.240 41.635 

H 4.960 4.875 

O 48.480 48.978 

Al 4.320 4.512* 

 
* Determined by ignition method 

 

Also, the following calculation confirms that this new chemical 

structure (for the cross-linked CMC/starch blend) contains three 

Al atoms: 

 

       Weight of Al2O3                         Weight of Al 

                   102                                           54 

                   0.1615                                      X 

 

           X= 
           

   
                

 

       Weight of CMC/starch blend                              Weight of 

Al 

                  1.921 g                                                         0.0855 g 

                   1875                                                                X 

    X = 
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No. of Al atoms = 
            

                   
  

      

  
              

 

In a very good agreement with three atoms aluminum in the 

repeating units (mers). 

 

Conclusions 
 

The aim of this work is to prepare an organometallic compound 

from CMC/starch/Alum is proposal to get high porous 

structure( high water absorbance capacity). 

 

 1 Tests and theoretical calculations confirm that the start 

material is disodium carboxymethyl cellulose salt. 

 Aluminum ion from Alum (cross-linker) substitutes 

sodium ion in the starting material. 

 Several tests are carried on to confirm the presence of 

cross-linker compound. 

 The prepared cross-linked compound shows high porous 

character. 

 The prepared cross-linked compound shows highly 

water absorbency capacity reaches 58g water/g sample. 
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Abstract  
 

The effect of meteorological variables such as relative humidity, 

maximum temperature, and predominant wind orientation, as 

well as oxidant species on the variation of mechanical resistance 

to compression of the cylinders extracted from two electric 

transmission towers was investigated. The obtained results are 

compared with the mechanical strength to compression achieved 

in concrete cylinders prepared in the laboratory and submerged 

in solutions of nitric acid and sulfuric acid in concentrations 

taken from the statistical data of nitrous oxide and sulfurous 

present in the environment where have installed the towers under 

study. The results show a decrease in the mechanical strength of 

the exposed cores in the predominant direction of the wind and 

of the cylinders submerged in the solution with acids, concluding 

that both conditions favor the degradation of concrete properties. 

 

Keywords  
 

Concrete Cylinders, Mechanical Strength, Meteorological  

Variables, Pollution, Transmission Towers 

 

Introduction  
 

One of the most significant effects of global climate change is 

the increase in the rate of deterioration of reinforced concrete 

structures due to the corrosion induced by carbonation Reference 

[1] shows with penetration, by diffusion from the external 

environment, the carbon dioxide reacts with the calcium 

hydroxide present in the hydrated concrete, forming the calcium 

carbonate. This reaction known as carbonation decreases the 

alkalinity of the concrete by breaking the passive film around the 

reinforcing rod that prevents corrosion [2]. 

 

Reference [3] conducted a study on structures of old and new 

bridges in three different locations in South Africa; considering 

the climatic conditions as relative humidity, temperature, and 

precipitation. Exposed elements such as parapets, pillars, walls, 

edges, to mention a few, were of particular interest because 

corrosion occurs in them because of high moisture content. The 
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optimum range of relative humidity (RH) for carbonation is 

between 50% and 75%. 

 

The study by [1] shows that the amount of rain would affect the 

surfaces of the concrete with erosion, as well as the diffusion of 

contaminants to the interior of the surface. The study is carried 

out in the cities of Toronto and Vancouver, considered as the 

most significant urban centers in Canada, developing a model to 

predict the effects of climate change on the carbonation of 

concrete. They conclude that the carbonation depth is higher in 

Toronto due to the low relative humidity, considered of 73.2%. 

Reference [4] investigated different aspects to determine the 

speed of corrosion and deterioration of some metallic materials, 

which constitute the distribution networks of electric energy, in 

various environments of the Brazilian coast. They implemented 

meteorological stations to help evaluate the aggressiveness of 

atmospheric pollutants, considering corrosive environments due 

to salinity and industrial pollutants and less aggressive in regions 

remote from the source of those pollutants. 

 

Reference [5] mention three kinds of geographic environments 

used within the transmission industry: non-polluted (rural), 

polluted (industrial) and coast. Due to the different corrosive 

characteristics, each environment will have different effects on 

the life of the lines and towers over the service life. The study of 

variables that influence the process of atmospheric corrosion is 

of fundamental importance since many materials present in daily 

life are susceptible to degradation [4]. 

 

According to the above, in this investigation the analysis of 

concrete deterioration is performed on the compressive strength 

values obtained from the foundations of two electrical 

transmission towers, evaluating different environmental 

variables and contaminant species present in the study area. 

 

Materials and Methods  
 

Of two electrical transmission towers, eight cylindrical concrete 

cores were obtained from the foundation. These are known as 

cores and are extracted by drilling the concrete mass with a thin-
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walled cylindrical drill [6], the diameter of these are 

approximately 7.5 cm by 15 cm in length, images of two cores 

are presented in Figure 1. 

 

 
 
Figure 1: Cores extracted from two electric transmission towers. 

 

This type of sample is obtained when there is doubt about the 

quality of the concrete in place, either because of a low value of 

resistance achieved during the construction or by signs of 

structural damage. However, one more use is to provide 

information about resistance in older structures [42]. The study 

samples were identified as T1C1, T2C1, etc., where T1 and T2 

represent the tower number from which they were extracted, C is 

the core, and the final number corresponds to the foundation of 

each leg of the reference tower, four for each one, Figure 2. 
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(a) 

 

 
 

(b) 

 

Figure 2 : Core extraction foundations: (a) T1C1, (b) T2C3. 

 

The samples T1C1 and T2C4 had defects, which can be seen in 

Figure 3. 
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(a) 

 

 
 

(b) 

Figure 3: Core defects: a) T1C1 and (b) T2C4. 

 

The standard further states that if the compression tests were 

performed using an ELVEC brand machine with a capacity of 

120 tons. The standard also says that if the length/diameter ratio 

of the samples is 1.75 or less, the value obtained is multiplying 

by the correction factor given in Table 1 should be corrected, 

interpolation is allowed [8]. 

 
Table 1: Correction factors. 

 
L/D 1.75 1.5 1.25 1.00 

Factor 0.98 0.96 0.93 0.87 

 

Corrosion due to carbonation usually occurs in reinforced 

concrete structures, especially in urban areas where there is 
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usually a high concentration of carbon dioxide in the air emitted 

by vehicles or industrial factories. The carbonation of concrete is 

defined as the chemical reaction between the carbon dioxide 

present in the atmosphere and the products of cement hydration 

[9]. 

 

A test to determine the depth of carbonation in the concrete is the 

use of a chemical indicator prepared by phenolphthalein in ethyl 

alcohol. This solution is colorless at pH values below 9, for 

values higher than nine it turns purple [10], [1]. 

 

In addition to the cores, 7 cylindrical samples measuring 15 cm 

in diameter by 30 cm in height were prepared with a design 

strength of 200 kg /cm
2
, following the specifications for 

foundations of electrical transmission towers dictated by the 

regulatory body in Mexico, Commission Federal Electricity 

CFE. The samples were demolding 24 hours after the casting and 

28 days were maintained in a curing room at 100% relative 

humidity with the controlled temperature between 20°C and 

25°C, these conditions are considered as conventional curing,  

 

 
(a) 
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(b) 

 

Figure 4: Molded cylindrical samples. 

 

These samples were identified as CS1-CS7 where C is a 

cylinder, Specimen S and number is for each sample, for test 

[8]ASTM C-39 was applied using an FIIC brand machine with a 

capacity of 120 tons. The compression tests of samples CS1, 

CS2, CS3, and CS4 were performed at 3, 7 and 28 days of 

regular curing. After this curing time, the CS5, CS6, and CS7 

samples were kept moist, testing the CS5 sample for seven days 

after that, while the CS6 and CS7 samples were subjected to a 

solution consisting of 0.10 ml of Nitric acid and 0.02 ml of 

Sulfuric acid for 7 and 28 days, respectively. The concentrations 

and type of acid were determined according to the data obtained 

from the pollutants present in the environment surrounding the 

towers under study. 

 

Results and Discussion  
 

The results of the compressive strength of the cores are 

summarized in Table 2. To obtain the mechanical compressive 

strength was divided the maximum load supported by the sample 

during the test, between its cross-sectional area, the 

length/diameter ratio for the sample T1C2 is 1.33, less than 1.75 

so it was necessary to make use of correction factors. 
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Table 2: Resistance to compression in cores. 

 
Sam

ple 

Diamet

er (cm) 

Heig

ht 

(cm) 

M

ass 

(kg) 

Lo

ad 

(kg) 

Resistan

ce 

(kg/cm2) 

Resistan

ce (MPa) 

T1C1 7.5 15 1.485 10500 237.6 23.3 

T1C2 7.5 10 0.974 15500 329.6 32.3 

T1C3 7.5 14.5 1.457 15080 341.3 33.4 

T1C4 7.5 15 1.496 18620 421.5 41.3 

T2C1 7.5 15 1.517 16110 364.6 35.7 

T2C2 7.5 14.8 1.502 18580 420.6 41.2 

T2C3 7.5 15 1.489 11100 251.3 24.6 

T2C4 7.5 15 1.474 7820 177.01 17.3 

 

The tendency of the concrete to increase its compressive strength 

with the passage of time, in structures in service, can be seen in 

the values obtained for the hearts T1C4 and T2C2. When 

comparing the results of the eight cores with the design strength 

of 200 kg/cm2 and according to applied standard, the obtained 

values of resistance are satisfactory since none of them is 35 

kg/cm2 smaller than the design resistance. It can be explained 

because, in the presence of water, it reacts with calcium 

hydroxide to generate calcium oxide and hydrated silicon the 

compound that is the key contributor to concrete strength. 

Supplemental complex formation during cement hydration due 

to the pozzolanic reaction can improve concrete properties such 

as strength and durability. The cement—pozzolan—water 

mixture is a complex system, consisting of many 

physicochemical processes that are influenced by temperature, 

mixing proportion, pozzolan reactivity, pozzolan particle size 

and other factors. The water in pores can also fracture the 

concrete by alternate freezing and thawing, thereby enhancing 

further water penetration. So the sample T2C4 presents a low 

resistance value compared to the other cores, in this sample, the 

fracture initiation was present before the test Figure 5. When the 

test was applied, the fracture followed the path of the defect. It is 

important to mention that cores are subject to variable ambient 

conditions in service and varying conditions after extraction. 

Cores are tested in the dry or wet condition, rarely in the 

saturated condition as the cylinders cured in the laboratory [12]. 
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Figure 5: The drift of T2C4 heart fracture. 

 

The diagram of Figure 6 shows the arrangement of the 

foundations of the transmission towers, including the 

nomenclature of the extracted core and its corresponding value 

of the results of mechanical resistance to compression obtained 

from the tests in kg/cm
2
. 

 

 
 
Figure 6: Distribution of foundations in transmission towers. 

 

According to the research carried out by [13], it is necessary to 

make a study of meteorological and environmental aspects that 

affect the area where the concrete structures are since the 

pollutants have variable proportions that depend on the 

proximity of emission sources, local conditions and the action of 
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the wind, which leads to the degradation of concrete structures in 

aggressive environments. Statistical information on parameters 

such as relative humidity (RH), wind speed, maximum 

temperature, minimum temperature and dominant wind direction 

was obtained for one year three months before the extraction of 

hearts [14]. Table 3 shows the average values of these 

parameters. 

 
Table 3: Prevailing meteorological variables. 

 

Varia

ble 

T max 

(°C) 

T min 

(°C) 

RH 

(%) 

Avg Speed 

(km/h) 

Dom. 

Dir. (°) 

 27.6 12.1 62.6 5.57 NO-SO 

 

Table 4 shows the average values of some contaminants to city 

Irapuato Guanajuato, the analysis of this data reveal that the 

dominant orientation of the wind comes from the west and the 

days in which it occurred correspond to the rainy season in the 

region. The city Irapuato Guanajuato, and cultivated land are in 

the dominant direction of the wind where the transmission 

towers under study are located. The city has an industrial 

environment, the contaminants present include nitrogen oxide 

and sulfur dioxide, which when reacted with water producing 

nitric and sulfuric acid. 

 

Table 4: Contaminants present in the study area [15]. 

 
Year SO2 (ppb) NO2 (ppb) PM10 CO (ppm) 

2008 12 116 43.6 -- 

2009 14 106 46.8 -- 

2010 11 64 42.1 4.5 

2011 16 116 54.0 -- 

 

The Portland is the first cement of the concrete is initially a 

mixture of calcium aluminate and calcium silicate both undergo 

hydration to generate the bond. The relative humidity for the 

occurrence of carbonation is between 50% and 75%, the value of 

62.6% of RH obtained in the study area, is within the ideal 

conditions for the occurrence of carbonation in the foundations 

of the towers of transmission. It is known that if the hydration 

reactions are not complete, then some of the not hydrated 

constituents may carbonate [3]. Consequently, we expect that a 
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particular competition between hydration and carbonation 

reactions may take place, the carbon dioxide dissolved in water 

forming carbonic acid, and reduces pH by dissociation to 

protons, and the bicarbonate ion: 

 

CO2+H2O→H2CO3 → H
+
 + HCO3

-
              (1) 

 

Ca
2+

+2HCO3 
-
→Ca(HCO3)2→CaCO3+CO2+H2O      (2) 

 

When the calcium carbonate precipitates, produce corrosion. The 

corrosion is measured by saturation index (SI) [16], which is 

defined by: 

 

SI = pH - pHs                              (3) 

 

Where pH is experimentally measured, and pHs is the pH value 

at which the water is in equilibrium with solid calcium 

carbonate. A positive SI indicates sufficient alkalinity and 

calcium carbonate will precipitate. The solution of 

phenolphthalein poured in the extracted cores, present a very 

marked purple coloration, as it shows Figure 7, which indicates 

carbonation present in the cores. 

 

Calcium hydroxide, leaches out of uncured Portland cement 

upon addition of water, forming an alkaline solution that 

produces an initially resistant passive film on the steel surfaces. 

During curing, water first reacts with the cement compounds, 

and the excess then evaporates out of the hardened structure 

concentrating the Calcium hydroxide solution in pores and voids 

and further increasing the corrosion resistance of the reinforcing 

steel. No damage occurs in dry concrete due to the absence of 

essential water. Nor is there much loss in continuous water 

saturated concrete because oxygen has less access through the 

liquid phase than through air in the concrete pores dissolved 

chlorides are essential in corrosion damage concrete [17]. 
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Figure 7: Test of phenolphthalein in tower number two hearts. 

 

The concrete is gravel with a mixture of sand to fill the pores 

space. That is still in the sand is full of a paste of cement and 

water. The cement is hydrated does not dry to form a bond inside 

the concrete. The experience marks the advantage of allowing a 

small percentage of air bubbles, this air improves the handling of 

the concrete during its placement but more important is that 

these increase the resistance of the concrete to the deterioration 

that results from freezing and thawing. If the aggregate is 
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stronger than cement, it is the property of the pulp that governs 

the properties of the concrete. Consequently, concrete having a 

low ratio of water to cement is more resistant than concretes with 

higher ratios. With low ratio, there is more hydrated cement and 

less excess water in the spaces. 

 

Cements 

 

Ca3Al2O6 + 6H2O → Ca3Al12(OH)12             (4) 

 

Ca2SiO4 + xH2O → Ca2SiO4. xH2O            (5) 

 

In each reaction, the hydrated product is less soluble than the 

cement. Therefore in the presence of water, the above reactions 

are solution and precipitation. Other types of cement are 

classified as polymeric and reaction hydraulics. Hydraulics are 

those that have hydration reactions similar to Portland cement. 

Inorganic polymer cement is silicic acid. xSi (OH)4 

 

Ca2SiO4 + (5-y+x)H2O → Ca2[SiO2.OH2 ]2.(CaO)y-1.xH2O + 

(3-y)Ca(OH)2 

 

Where x varies with the partial pressure of water and is 

approximately equal to 2.3 Sulfur oxides and nitrous oxides are 

nowadays reached in rural areas and with a higher incidence in 

urban areas. In areas of high environmental pollution and high 

rainfall, the pH reaches values close to 4, which is known as acid 

rain, which affects concrete structures [18]. 
 

The results of the compressive strength of the molded samples 

are summarized in Table 5. 
 

Table 5: Resistance to compression in molded samples. 

 
Sample Mass (kg) Load 

(kg) 

Resistance 

(kg/cm2) 

Resistance 

(MPa) 

Age 

(days) 

CS1 11.84 32000 181 17.8 3 

CS2 11.70 39000 220 21.6 7 

CS3 11.86 49000 277 27.2 28 

CS4 11.81 49400 279 27.4 28 

CS5 11.72 51000 288.6 28.3 35 

CS6 11.72 58000 328.2 32.2 86 

CS7 11.86 60000 339.6 33.3 107 
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The results of the investigation show the increase of the 

compressive strength under normal curing conditions in samples 

CS1, CS2, CS3, CS4, and CS5. However, the resistance of CS6 

and CS7 samples is affected when the acids solutions are 

applied. As the hydration continues, the concrete becomes harder 

and stronger, which occurs over the first month, but if there are 

adequate humidity and temperature, this continues more slowly 

for a more extended period, which exceeds thirty years in which 

a continuous increase in resistance has been reported. The 

increase in strength with age continues as long as the no 

hydrated cement is still present, the concrete remains wet, or the 

relative humidity of the air is above about 80%, and the 

temperature of the concrete remains favorable [12]. In Figure 8 

the exponential adjustment of the tendency to increase the 

compressive strength is presented in blue, considering the results 

of samples CS1, CS2, CS3, and CS4; while in red the values 

obtained from samples CS5, CS6 and CS7 are presented. The 

dots in purple indicate the compressive strength value for each 

core obtained. 

 

 

 
 
Figure 8: Compressive Strength – Time. 

 

This graph shows that the value obtained in sample CS5, once 

moistened, falls in the trend line of resistance increase for 
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normal curing conditions. However the values of the samples 

CS6 and CS7 are separated from this tendency, with which the 

presence of the acids causes the decrease of the value of 

mechanical resistance to compression. Also, the strength values 

of the cores in the prevailing wind direction are lower, 

concluding that these values are affected by the contamination 

conditions to which the transmission towers are exposed. It is 

important to mention that the actual age of the towers is ten years 

and that according to S. H. [12], higher values of resistance in 

the T1C1, T1C2, T1C3, T2C1, T2C3 and T2C4 cores would be 

expected. 

 

Conclusion  
 

The evaluation of the compression results in the cores indicates 

different conditions of exposure of the concrete in the same area 

of study. 

 

Pollution in the area surrounding the site of the transmission 

towers and the predominant wind direction in that direction are 

essential factors in the reduction of mechanical resistance to 

compression of cores. 

 

The application of phenolphthalein reveals damage in concrete 

and allows to distinguish between carbonation and damage by 

the presence of polluting species in the environment. 

 

The defect present in the core T2C4 affected the value of 

mechanical compressive strength and the trend of the fracture in 

this sample. 

 

The application of the nitric and sulfuric acids in the molded 

samples, affect the value of the mechanical compressive strength 

of these specimens. 
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Abstract  
 
Background: To assess differences in marginal bone loss in 

implants placed at subcrestal versus crestal level.  

 

Methods: An electronic and a manual research of articles 

written in English from Jaunary 2010 to January 2018 was 

performed by two independent reviewers. Clinical trials 

comparing bone loss for implants placed at crestal and subcrestal 

level were included. Pooled estimates from comparable studies 

were analyzed using a continuous random-effects model meta-

analysis with the objective of assessing differences in crestal 

bone loss between the two vertical positions.  

 

Results: 16 studies were included; 10 studies did not encounter 

statistically significant differences between the two groups with 

respect to bone loss. Three articles found greater bone loss in 

subcrestal implants; while 3 found more bone loss in crestal 

implants. A meta-analysis for randomized control trial (RCT) 

studies reported an average and non-statistically different crestal 

bone loss of 0.028 mm.  
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Conclusions: A high survival rate and a comparable bone loss 

was obtained both for crestal and subcrestal implants‘ placement. 

Quantitative analysis considering a homogenous sample 

confirms that both vertical positions are equally valid in terms of 

perimplant bone loss. However, with respect to soft tissue; in 

presence of a thin tissue; a subcrestal placement of the implant 

should be preferred as it may reduce the probability for the 

implant to become exposed in the future and thus avoid the risk 

of suffering from peri-implant pathologies.  

 

Keywords 

 
Systematic Review; Subcrestal; Crestal; Bone Loss; Implants; 

Meta-Analysis  

 

Introduction  

 
Dental implants have become the preferred choice for the 

replacement of missing teeth. The five-year success rate of 

dental implants has increased from 93.5% to 97.1% within the 

past decade, with a higher survival and a lower complication rate 

[1]. Patients increasingly require treatments that offer more 

aesthetics and comfort, making implantology a demanding field, 

where, obtaining osseointegration or meeting the success criteria 

of implants highlighted by Buser et al. in the 1990s [2], such as 

lack of pain and infection, absence of radiolucency and mobility 

and possibility of restoration, is no longer considered a sufficient 

condition. 

 

Research in the area of implantology has been evolving 

substantively. Scientists begin to devote their attention to 

physical and chemical properties of the implants; on creating 

different types of surfaces and degrees of roughness [3,4] with 

the objective of reducing the healing time to achieve secondary 

stability [4,5]. Furthermore, researchers have also focused, 

among others aspects, on finding the most effective and safest 

connection between the implant-abutment, the best geometric 

design [4] and the most favorable placement of implants in 

relation to the crestal bone [6]. 
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Despite the effort in research and the advancement in implant 

design, when an implant is placed, it is assumed that there will 

be an unpredictable loss of bone around it, difficult to perfectly 

forecast beforehand. In 1986, Albrektsson et al., published a 

seminal paper, which is still a reference today, where it is argued 

that a bone loss of less than 1.5 mm during the first year after 

implant placement and less of 0.2 mm annually in the following 

years, can be considered satisfactory [7]. 

 

According to the current literature, the preservation of crestal 

peri-implant bone is considered a key feature for the success of 

the treatment given that the bone around the implant determines 

the stability of the soft tissue, which in turn is a crucial aspect for 

esthetics and long-term survival [8,9]. 

 

Within these lines of research, several authors describe that the 

position in which the implant is placed with respect to the crestal 

bone, is a fundamental factor to preserve the bone in the future 

[10-14]. Although, with respect to this issue there is currently a 

controversy. Some authors recommend placing the implant under 

the crest of the bone (i.e., subcrestal placement). They argue that 

this specific position would contribute to the preservation of the 

mucosa [10], helping to obtain an ideal emergence profile in 

esthetic areas [11,12] and would prevent the surface of the 

implant from being exposed while reducing the likelihood of 

suffering from mucositis or peri-implantitis [13]. Along the same 

lines, studies with animals pointed out that implants placed at 

subcrestal level were characterized by less bone loss with respect 

to implants placed at the level of the crest [10,14]. 

 

By contrast, other authors reported evidences highlighting an 

increase in bone loss for implants placed subcrestally [6]. A 

possible reason for thiscould be attributed to the bacterial 

colonization of the implant-abutment junction, where an 

inflammatory infiltrate is produced [15-17]. This feature, in 

concomitance with a low concentration of oxygen, could create 

an ideal ecosystem for the proliferation of anaerobic bacteria 

[18]. Moreover, according to de Siqueira et al. (2017), it could 

also be speculated that the deeper placement of the implant may 
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correlate with embolism, deeper pocketing and inflammation of 

the soft tissue [12]. 

 

Given the controversial results encountered in the literature, the 

objective of this review is to systematically evaluate the 

influence of crestal and subcrestal placement implants with 

respect to crestal bone loss and soft tissue and as a result shed 

more light over this important question. 

 

Materials and Methods  
 

The literature considered for this systematic review is based on 

the PRISMA‘ (Preferred Reporting Items for Systematic 

Review) [19] guidelines and aims at answering the following 

specific question built on the PICO (Population, Intervention, 

Control, Outcomes) format [20]. For patients treated with dental 

implants, are there differences between subcrestal and crestal 

implants placement with respect to marginal bone loss? 

 

(P) Population: Patients treated with dental implants. 

(I) Intervention: Implant placement at the subcrestal bone level. 

(C) Control: Implant placement at the crestal bone level. 

(O) Outcome: Bone loss around implants placed at subcrestal 

and crestal level. 

 

Inclusion and Exclusion Criteria  

 
Inclusion criteria: recent human clinical studies, comparing bone 

loss in implants placed with different vertical positions, at crestal 

level and subcrestal level. A follow-up period of at least one 

month in implants placed in one stage and six months in 

implants placed in two stages. 

 

Exclusion criteria: articles published in languages other than 

English. Articles analyzing uniquely a type of placement (crestal 

or subcrestal). Articles published before 2010. 
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Search Strategy and Selection of Studies  

 
An electronic search was carried out in PubMed/MEDLINE. The 

terms used in this search were: ―subcrestal placement and crestal 

placement implants‖, ―bone loss in implants placed crestal-

subcrestal‖, ―subcrestal implants crestal implants‖. A manual 

search was carried out on the obtained articles, in order to find 

more articles meeting the inclusion criteria. 

Two reviewers (N.P.G. and J.L.L.) assessed independently all 

titles and abstracts obtained from the electronic search in order to 

reach a consensus on the decision to exclude or admit each 

study. 

 

Data Extraction  

 
Given the high degree of heterogeneity characterizing the studies 

included in the review, a meticulous analysis of the data was 

carried out in order to compare them. We extracted information 

about patients (age, gender, number of implants placed, number 

of patients treated), characteristics of the implants and surgical 

techniques adopted; whether the abutment was placed in a 

second procedure (two stages/submerged) versus implants in 

which the abutment was placed immediately (one stage/non-

submerged); loading of the implants: delayed versus immediate 

loading; the type of prosthesis, timing of implant placement 

(alveolar socket healing versus immediate post extraction); and 

follow-up period, the survival rate of the implants and bone loss. 

Regarding the soft tissue, different parameters were analyzed: 

probing pocket depth, bleeding on probing, modified plaque 

index, modified gingival index, keratinized tissue, vertical 

mucosa thickness and histological analysis. 

 

Methodological Quality of Each Study  

 
Each study was evaluated using the Jadad scale [21], this 

evaluation method consists of assessing the methodological 

quality of the clinical trials. The score goes from 0 to 5, being 0–

2 of low quality, 3 of medium quality and 4–5 of high quality. 
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Statistical Analysis  

 
Pooled estimates from the studies were analyzed using a 

continuous random-effects model meta-analysis. The variable 

analyzed was crestal bone loss of implants placed at a crestal and 

at a subcrestal level. Forest plots were produced to represent 

graphically the difference in outcomes of crestal bone loss. p-

value = 0.05 was chosen to determine whether differences were 

statistical significant. Heterogeneity was assessed with χ² test 

and I2 test. R version 3.3.2 (Foundation for Statistical 

Computing, Vienna, Austria), and R studio version 1.0.44 

Studio, Inc, (Boston, MA, USA) were employed in the statistical 

analysis. 

 

Results  
 
In the electronic search, a total of 150 articles were identified. 

Using the keywords ―subcrestal placement and crestal placement 

implants‖, 44 items were found, of which only 11 met the 

inclusion criteria. With the keywords ―bone loss in implants 

placed crestal–subcrestal‖, 39 items were found, and only 2 met 

the inclusion criteria. With ―subcrestal implants crestal 

implants‖, 67 studies were obtained and 0 studies met the 

inclusion criteria. Three more articles that met the inclusion 

criteria were found in a manual search in the literature and were 

included. 

 

Finally, 16 studies were included in this review for the 

qualitative synthesis [6,12,22-35]. Nine were randomized control 

trials (RCTs) and the other 7 were non-randomized control trials 

(non-RCT). For the quantitative synthesis regarding bone loss, 5 

RCTs articles were included [6,28,29,32,35] (Figure 1). 
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Figure 1: Flow chart.  

 

Methodological Quality Assessment  

 
The methodological analysis of Jadad (Table 1) shows that 8 

RCT presented a high scientific quality with scores of 4 and 5, 

except one of medium quality with a score of 3. Of the 7 non-

RCT, 6 were of low quality with scores between 1 and 2 and one 

of medium quality with a score of 3.  
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Table 1: Jadad score in studies selected.  

 
. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Vervaeke et al. (2018) should have obtained 3 points as they did not use a random assignment of participants. Despite that, we decided to give them 4 points as the decision for a non-random 

procedure was linked to the sequential nature of their research objective. The Jadad scale of quality of the clinical studies is based in seven questions. Q. 1: Was the study described as randomized? 

(Yes: 1 point/No: 0 point); Q. 2: Was the method of randomization described? (Yes: 1 point/No: 0 point); Q. 3: Was the randomization method appropriate? (Yes: 0 point/No −1 point); Q. 4: Was the 

study described as double blind? (Yes: 1 point/No: 0 point); Q. 5: Was the blinding method described? (Yes: 1 point/No: 0 point); Q. 6: Was the blinding method appropriate? (Yes: 0 point/No: −1 

point); Q. 7: Was there a description of withdrawals and dropouts? (Yes: 1 point/No: 0 point). A positive point is awarded in the fourth and six question to the articles even if they were single-blind 

but well described. In implant placement it is very difficult for the surgeon to proceed if he/she does not know what type of implant placement he/she is performing. In this case, to score the Jadad 

point, radiographs should be evaluated by a person other than the surgeon who placed the implants. The patients were blinded about which implant was the control or test implant. However, due to the 

nature of the study, the implant surgeon could not be blinded to the treatment assignment. 

Questions Jadad Q.1 Q.2 Q.3 Q.4 Q.5 Q.6 Q.7 TOTAL 

Romanos et al. 2015 [22] 0 1: Implants placed by the same oral surgeon between 1993 and 2004 −1 1 1 0 0 2 

Al Amri et al. 2017 [23] 0 1: Patients having undergone dental implant therapy for single missing tooth −1 1 1 0 0 2 

Pellicer et al. 2016 [6] 0 1: Using pre-defined randomization tables 0 1 1 0 1 4 

Palaska et al. 2016 [24] 1 1: Using an online randomization plan generator 0 1 1 0 1 5 

Nagarajan et al. 2015 [25] 0 0 −1 1 1 0‗ 0 1 

de Siqueira et al. 2017 [12] 1 1: A computer-generated random number table for patient allocation 0 1 1 0 1 5 

Koutouzis et al. 2014 [26] 0 1: A computer-generated list to distribute the subjects. Treatment assignments were 

stored in sealed envelopes 

0 1 1 0 1 4 

Koh et al. 2011 [27] 0 1: Assigned by choosing a letter from a bag 0 1 1 0 1 4 

Vervaeke et al. 2018 [28] 0 1: A systematic non-random assignment was applied to determine the position of test 

and control implants 

0 1 1 0 1 4 * 

Kütan et al. 2015 [29] 1 1: Was made by one of the authors by the flip of a coin 0 1 1 0 1 5 

Ercoli et al. 2017 [30] 0 1: Patient had received a dental implant during a period of 6 years, from 2009 to 2015 −1 1 1 0 0 2 

Veis et al. 2010 [31] 0 0 −1 1 1 0 0 1 

Degidi et al. 2011 [33] 0 1: Search in the archives of the Implant Retrieval Center of the Dental School of the 

University of Chieti-Pescara, Chieti, Italy 

−1 1 1 0 1 3 

Al Amri et al. 2017 [32] 0 1: Randomization was performed by tossing a coin. 0 1 1 0 1 4 

Kim et al. 2017 [34] 0 0 −1 1 1 0 1 2 

Fickl et al. 2010 [35] 0 1: All implants placed between 1 January and 31 December 2006 −1 1 1 0 1 3 
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Characteristics of Studies Included  

 
Of 9 RCTs, 5 did not find significant differences in bone loss 

[12,24,26,27,32], two articles found a higher loss of bone in 

implants placed at the subcrestal level [6,29] and 2 articles found 

less bone loss in implants placed at the subcrestal level [28,35]. 

 

Of 7 non-RCTs, 5 did not found significant differences between 

crestal and subcrestal implants [22,23,25,30,31]. One study 

found that subcrestal implants presented less bone loss, though 

statistical significance was not reached [33] and one study found 

grater bone loss in subcrestal implants [34]. 

 

The majority of the studies analyzed uniquely the crestal and 

subcrestal positions, except for 4 studies that in addition 

analyzed the supracrestal position [22,30,32,34]. A total of 1346 

implants were placed, of which, 1093 were included in this 

review and the remaining 253 were excluded because they were 

placed in the supracrestal position. Of 1093 implants included, 

604 implants were placed subcrestally, and 489 were placed at 

the crestal level. Fourteen articles reported the age of the 

participants, which ranged from 23 to 82 years, the other two 

articles did not report it [31,33]. The number of patients treated 

varied between 9 and 85. Of 16 articles, 10 (62.5%) did not 

obtain significant differences between crestal or subcrestal 

implants in terms of bone loss. For the remaining 6 articles 

(37.5%), 3 found greater bone loss in implants placed at 

subcrestal level, while the other 3 remaining articles found the 

opposite, more bone loss in the implants placed at the crestal 

level. Of 1093 implants, 698 were placed in two stages, 302 in 

one stage and 93 were immediate loading. The subcrestal 

implants were installed in a depth ranging from −0.5 mm to −3.4 

mm apical to the alveolar ridge and the crestal implants were 

placed between 0.0 mm and a maximum of 0.75 mm above the 

level of the crestal bone. With respect to the timing of implant 

placement, in a study with a sample of 20 implants, all were 

placed post-extraction [27], 6 studies declared that the implants 

were placed on healed edentouls ridges. In 3 studies implants 

were placed at least 3 months after the healing of the dental 

alveolus. In 1 article, implants were placed 6 months after 
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extraction while 6 studies did not report this information. Of the 

16 studies, only 3 performed immediate loading, of these 3, two 

found no significant differences [12,26] and one found greater 

loss in implants placed at the crestal level [33]. Of the 13 studies 

with delayed loading, 8 did not find significant differences [22-

25,27,30-32], 2 found greater loss in implants placed at crestal 

level [28,35] and 3 found greater loss in implants placed at 

subcrestal level [6,29,34] (Table 2a,b). 
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Table 2: Characteristics of studies on randomized control trials (RCT) and non-RCT.  

 
 

  Study 

Design 

N. of 

Patients 

Mean 

Age of 

Patients 

(Years) 

N. of 

Implants 

Surgical 

Technique 

(One Stage 

Two Stages) 

Implant 

Insertion 

Depth below 

the Crest 

(mm) 

Loading of 

Implants 

Type of 

Prosthe

sis 

Timing 

of 

Implant 

Placeme

nt 

Bone 

Loss in 

Subcrest

al 

Implants 

(mm) 

Bone Loss in 

Crestal Implants 

(mm) 

Follow-

up 

(Months) 

Jadad 

Score 

Survi

val 

Rate 

(%) 

Outcomes 

Related to 

Bone Loss 

between Two 

Groups 

(a) Characteristics of Studies RCT 

Pellicier et al. 
2016 [6] 

RCT 26 
15: W 

8: M 

3: NR 

49.8 ± 
11.6 

23 
13: S 

10: C 

Two stages S: 2.16 ± 
0.88 

C:0.0 

Delayed 
loading 

Platform 
switchin

g 

Crowns 
screwed 

3 months 
after of 

the tooth 

socket 
healing 

1.22 ± 
1.06 

0.06 ± 1.11 12 4 100 Bone loss was 
found to be 

greater in the 

case of the 
subcrestal 

implants 

Palaska et al. 
2016 [24] 

RCT 81 
W: 41 

M: 40 

49 105 
54: S 

51: C 

One stage S: 1.5 ± 0.2 
C: NR 

Delayed 
loading 

The 
implants 

were not 

loaded 

After a 
minimum 

of 3 

months 
of post-

extractio

n healing 

Group 1 
(Internal 

connectio

n): 0.68 ± 
0.07 

Group 3 

(Morse 
taper)0.49 

± 0.06 

Group 2 (Internal 
connection): 0.79 ± 

0.06 

Group 4 (Morse 
Taper): 0.40 ± 0.07 

3 5 100 No statistically 
significant 

difference 

between 
implants with 

the same 

abutment 
connection 

pattern 

de Siqueira et 
al. 2017 [12] 

RCT 11 45–65 55 
28: S 

27: C 

Immedia-tely 
loading 

S: 1–3 
C: NR 

Immedia-
tely loading 

an insertion 

torque of at 
least 45 

Ncm 

Full-
arch 

implant 

fixed 
prosthes

es 

NR 1.03 ± 
0.60 

0.66 ± 0.38 8 5 100 No significant 
differences 

Koutouzis et 

al. 2014 [26] 

RCT 30 

W: 24 
M: 6 

49.85 30 

20: S 
10: C 

Immedia-tely 

loading 

S: −1, −2 

C: 0 

Immedia-

tely loading 

Platform

-
switched 

screw 

retained 
single 

crowns 

Non 

post-
extractio

n 

submerge

d 1 mm: 
−0.65 ± 

0.45 

submerge
d 2 mm: 

−0.85 ± 

0.75 
CBCT 

analysis 

−0.08 ± 0.25 12 4 100 No statistically 

significant 
differences 

between the 

groups. 

Koh et al. 
2011 [27] 

RCT 24 
W: 8 

M: 12 

(4 
patients 

group up) 

55.5 20 
10: S 

10: C 

Two stages S: 1 (below 
the palatal 

crest) 

C: 0 

Delayed 
loading 

NR Immediat
e 

−0.8 ± 
0.6 

0.3 ± 0.4 12 4 95.8 No statistically 
significant 

differences 

Vervaeke et 

al. 2018 [28] 

RCT 25 

W: 13 
M: 12 

65 range 

= 43–82 

50 

25: S 
25: C 

Immediate-ly 

restored with 
locator 

abutment One 
stage 

S: was 

adapted to 
the soft tissue 

thickness, 
allowing at 

least 3 mm 

space for 
biologic 

Delayed 

loading 

Platform 

switchin
g 

Overden
-ture 

Minimu

m 3 
months 

post-
extractio

n 

0.04 0.73 24 4 100 Subcrestal 

implants 
showed 

significantly 
better bone 

levels 
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width 

establish-
ment 

C: NR 

Kütan et al. 

2015 [29] 

RCT 28 

W: 21 
M: 7 

46.05 56 

28: S 
28: C 

Two stages S: 1 

C: NR 

Delayed 

loading 

Platform

-
switched 

cemente

d 
crowns 

Minimu

m 6 
months 

after 

extractio
n 

1.21 ± 

1.05 

0.56 ± 0.35 36 5 100 The mean 

radiographic 
vertical bone 

loss in the 

crestal group 
was 

significantly 

lower than in 
the subcrestal 

group 

Al Amri et 
al. 2017 [32] 

RCT 23 
W: 7 

M: 16 

43.5 46 
23: S 

23: C 

One stage S: 2 aprox 
C: NR 

Delayed 
loading 

Screw 
retained 

crowns 

Healed 
edentulou

s 

0.3 ± 0.2 0.45 ± 0.2 36 4 100 No significant 
differences in 

bone loss 

around implants 
placed at crestal 

and subcrestal 

levels. 

Fickl et al. 
2010 [35] 

RCT 36 
W: 18 

M: 18 

55.3 89 
75: S 

14: C 

Two stages S: NR 
C: NR 

Delayed 
loading 

Platform
-

switched 

Healed 
edentulou

s 

0.30 ± 
0.07 at 

time of 

insertion 
of the 

definitive 
prosthesis 

0.39 ± 

0.07 at 1 
year 

0.68 ± 0.17 at time 
of insertion of the 

definitive prosthesis 

1.00 ± 0.22 at 1 year 

12 3 100 Subcrestal and 
platform 

switched 

implants seem 
to limit cretsal 

bone 
remodeling 

(b) Characteristics of Studies Non-RCT 

Romanos et 

al. 2015 [22] 

No-

RCT 
Retros

pective 

85 

M: 41 
W: 44 

50.51 228 

197 mesial 
and distal 

shoulders: S 

65 mesial 
and distal 

shoulders: C 

194 mesial 
and distal 

shoul-ders 

excluded for 
being supra-

crestal 

Two stages S: at least 

0.5 
C: within 0.5 

mm or less of 

the crestal 
bone level) 

Supracrestal: 

more than 0.5 
mm above 

the bone 

level 

Delayed 

loading 

Platform

-
switched 

Fixed or 

removab
le 

prosthesi

s 

NR Mesial 

1.84 
(±1.49) 

Distal 

1.73 
(±1.31) 

Mesial 1.41 (±1.65) 

Distal 1.34 (±1.60) 

S: 105.61 

(±49.74) 
C: 94.10 

(±52.42) 

2 97.8 No significant 

differences 

Al Amri et 

al. 2017 [23] 

No-

RCT 

Retros

pective 

52 45.4 ± 1.8 52 

27: S 

25: C 

One stage S: 2 mm 

aprox 

C: NR 

Delayed 

loading 

Single 

prosthesi

s. 

Platform

-
switched

, screw 
retained 

metal 

ceramic 

NR 1.2 ± 0.2 1.4 ± 0.2 S: 63.6 ± 

2.4 

C: 62.4 ± 

1.2 

2 NR No significant 

differences 
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Nagarajan et 

al. 2015 [25] 

No-

RCT 
Prospe

ctive 

24 NR 

23 to 45 

24 

12: S 
12: C 

Two stages S: 1 

C: NR 

Delayed 

loading 

NR Healed 

edentulou
s ridges 

0.4917 ± 

0.4881 

0.2183 ± 0.2874 6 (before 

prosthetic 
loading) 

1 NR Did not show 

difference in 
crestal bone 

loss before 

prosthetic 
loading. 

Was 

statistically not 
significant. 

Ercoli et al. 

2017 [30] 

No-

RCT 

Retros
pective 

55 57 134 

157 mesial 

and distal 
shoulders: S 

69 mesial 

and distal 
shoulders: C 

42 mesial 

and distal 
shoulders 

excluded for 

being supra-
crestal 

56.6% Two 

stages 

43.4% One 
stage 

NR Delayed 

loading 

71.7% 

Single 

crown 
28.3% 

fixed 

dental 
prosthesi

s 

NR mesial 

−1.56 ± 

1.11 
distal 

−1.06 ± 

0.96 

mesial −0.72 ± 1.07 

distal −0.91 ± 0.83 

18 2 100% No statistically 

significant 

differences 

Veis et al. 

2010 [31] 

No-

RCT 
Retros

pective 

NR NR 282 

89: S 
95: C 

98: Exclu-

ded for being 
supra-crestal 

Two stages 

and One stage 
with short 

healing 

abutments in 
the esthetic 

zone 

S: 1 to 2 

C: NR 

Delayed 

loading 

Cemente

d an 
screw 

crown 

and 
ridges 

Non 

post-
extractio

n 

Not 

platform-
switching 

0.81 ± 

0.79 and 
platform 

switching 

0.39 ± 
0.52 

Not platform-

switching 1.23 ± 
0.96 and platform 

switching 1.13 ± 

0.42 

24 1 NR No statistically 

significant 
differences. 

The platform 

switching 
concept was 

beneficial only 

in subcrestal 
locations 

Degidi et al. 

2011 [33] 

No-

RCT 
Case 

series 

9 NR 9 

4: S 
5: C 

2: Two stages 

7: Immediate-
ly loading 

S: 1 to 3 

C: NR 

2 Delayed 

loading 
7 

Immediatel

y loading 

Platform 

switchin
g Single 

crown 

NR Between 

0 and 0.5 

Between 0.5 and 1.5 1–2 3 100% In all 

subcrestally 
placed 

implants, 

preexisting and 
newly formed 

bone was found 

over the 
implant 

shoulder 

Kim et al. 

2017 [34] 

No-

RCT 
Retros

pective 

61 51.4 143 

286 implant 
surfaces 

36: S 

177: C 
73: implant 

surfaces 

were 
excluded for 

being supra-

crestal 

Two stages S:NR 

C: Within 0–
0.75 above 

the marginal 

bone level 

Delayed 

loading 

No 

platform
-

switched 

Non 

post-
extractio

n 

1.76 ± 

0.78 

1.13 ± 0.91 36 2 NR In subcrestal 

group 
signicantly 

greater bone 

loss was 
observed at all 

time points 

from the 
baseline 

 

RCT: randomized control trial; Non-RCT: not randomized control trial; W: woman; M: men; Y: years; NR: not reported; S: subcrestal implants; C: crestal implants; IL: immediately loading; N: number. 
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The average survival rate was particularly high and equal to 

99.4%, representing 629 implants for the studies reporting it. 

Four studies, representing 464 implants, did not report the 

survival rate [23,25,31,34]. 

 

In the RCT studies the follow-up of implants placed varied from 

3 to 36 months while in the non-RCT it ranged from 1 to 155.35 

months (Table 2a,b). 

 

Characteristics of the Implants  

 
Six articles described the type of implants‘ surface used 

[12,22,27,33-35], the rest did not report it. Regarding the length 

of the implants, this ranged from 8 to 14 mm and was reported in 

6 studies [6,23,24,28,29,32], the diameters varied from 3.3 to 5 

mm and was reported in 8 studies [6,23,24,27-29,32,35] (Table 

3). 
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Table 3: Implant characteristics in studies included.  

 
Study Commercial Brand Surface Neck and Diameters and Lengths in Subcrestal 

Implants 

Commercial Brand, Surface Neck and Diameters and Lengths in Crestal 

Implants 

Romanos et al. 2015 

[22] 

Brand implant: ANKYLOS® Implant System, Mölndal, Sweeden 

Type of surface: Sandblasted, acid-etched with 2 mm of machined collar and a 

progressive thread design. 

Connection: Internal tapered 

Lengths: NR 

Diameters: NR 

Brand implant: ANKYLOS® Implant System, Mölndal, Sweeden 

Type of surface: Sandblasted, acid-etched with 2 mm of machined collar and a 

progressive thread design. 

Connection: Internal tapered 

Lengths: NR 

Diameters: NR 

Al Amri et al. (RCT) 

2017 [32] 

Brand implant: Straumann AG, Basel, Switzerland. 

Type of surface: NR 

Connection: Internal connection 

Lengths: 10 to 14 mm. 

Diameters: 3.3 to 4.1 mm 

Brand implant: Straumann AG, Basel, Switzerland. 

Type of surface: NR 

Connection: Internal connection 

Lengths: 10 to 14 mm. 

Diameters: 3.3 to 4.1 mm 

Pellicer et al. 2016 [6] Brand implant: Mozo-Grau® Inhex®, S.L. Valladolid, Spain 

Type of surface: NR 

Connection: Internal connection Morse tapered 

Lengths: 10, 11.5, 13 

Diameters: 3.7, 4.2, 5 

Brand implant: Mozo-Grau® Inhex®, S.L. Valladolid, Spain 

Type of surface: NR 

Connection: Internal connection Morse tapered 

Lengths: 10, 11.5, 13 

Diameters: 3.7, 4.2, 5 

Palaska et al. 2016 [24] Brand implant: Biomet 3i, Palm Beach Gardens, FL, USA Certain Prevail nanotite. 

Type of surface: NR 

Connection: Internal connection 

Lengths: 8 to 13 mm 

Diameters: 3.5 to 5 mm 

Brand implant: OsseoSpeed Astra tech Dental, Molndal, Sweden 

Type of surface: NR 

Connection: Morse tapered 

Lengths: 8 to 13 mm 

Diameters: 3.5 to 5 mm 

Nagarajan et al. 2015 

[25] 

Brand implant: ADINT implants. Adin, Co. Afula, Israel 

Type of surface: NR 

Connection: NR 

Lengths: NR 

Diameters: NR 

Brand implant: ADINT implants. Adin, Co. Afula, Israel 

Type of surface: NR 

Connection: NR 

Lengths: NR 

Diameters: NR 

de Siqueira et al. 2017 

[12] 

Brand implant: Titamax CM, Neodent, Curitiba, PR, Brazil 

Type of surface: Sandblasted and acid-etched 

Connection: Internal tapered 

Lengths: NR 

Diameters: NR 

Brand implant: Titamax CM, Neodent, Curitiba, PR, Brazil 

Type of surface: Sandblasted and acid-etched 

Connection: Internal tapered 

Lengths: NR 

Diameters: NR 

Koutouzis et al. 2014 

[26] 

Brand implant: Ankylos CX implants (Dentsply), Mölndal, Sweeden 

Type of surface: NR 

Connection: Morse taper 

Lengths: NR 

Diameters: NR 

Brand implant: Ankylos CX implants (Dentsply) Mölndal, Sweeden 

Type of surface: NR 

Connection: Morse taper 

Lengths: NR 

Diameters: NR 

Koh et al. 2011 [27] Brand implant: Biohorizons, Birmingham, AL, USA. 

Type of surface: with laser-microtextured collar, Laser-Lok 

Connection: Tapered internal 

Lengths: NR 

Diameters: 3.8 or 4.6 

Brand implant: Biohorizons, Birmingham, AL, USA. 

Type of surface: with laser-microtextured collar, Laser-Lok 

Connection: Tapered internal 

Lengths: NR 

Diameters: 3.8 or 4.6 

Vervaeke et al. 2018 

[28] 

Brand implant: Astra Tech Osseospeed TX™, Denstply implants, Salzburg, 

Austria 

Type of surface: NR 

Connection: Morse taper 

Brand implant: Astra Tech Osseospeed TX™, Denstply implants, Salzburg, 

Austria 

Type of surface: NR 

Connection: Morse taper 
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Lengths: 8, 9 or 11 mm 

Diameters: 3.5 or 4 mm 

Lengths: 8, 9 or 11 mm 

Diameters: 3.5 or 4 mm 

Kütan et al. 2015 [29] Brand implant: Astra Tech Dentsply Implants, Mölndal, Sweeden 

Type of surface: NR 

Connection: Morse taper 

Lengths: 9 mm to 13 mm 

Diameters: 3.5 or 4 mm 

Brand implant: Astra Tech Dentsply Implants, Astra Tech, Mölndal, Sweeden 

Type of surface: NR 

Connection: Morse taper 

Lengths: 9 mm to 13 mm 

Diameters: 3.5 or 4 mm 

Ercoli et al. 2017 [30] Brand implant: NR 

Type of surface: NR 

Connection: NR 

Lengths: NR 

Diameters: NR 

Brand implant: NR 

Type of surface: NR 

Connection: NR 

Lengths: NR 

Diameters: NR 

Veis et al. 2010 [31] Brand implant: full Osseotite implants, Biomet 3i 

Type of surface: NR 

Connection: Screw-type external-hex titanium implants 

Lengths: NR 

Diameters: NR 

Brand implant: full Osseotite implants, Biomet 3i 

Type of surface: NR 

Connection: Screw-type external-hex titanium implants 

Lengths: NR 

Diameters: NR 

Degidi et al. 2011 [33] Brand implant: ANKYLOS plus, DENTSPLY-Friadent, Mannheim, Germany 

Type of surface: Acid-etched microtexturized surface 

Connection: Morse tapered 

Lengths: NR 

Diameters: NR 

Brand implant: ANKYLOS plus, DENTSPLY-Friadent, Mannheim, Germany 

Type of surface: Acid-etched microtexturized surface 

Connection: Morse tapered 

Lengths: NR 

Diameters: NR 

Al Amri et al. 2017 

[23] 

Brand implant: Straumann‖ Dental Implant System, Institut Straumann, AG Peter 

Merian-Weg 12 CH- 4002 Basel, Switzerland 

Type of surface: NR 

Connection: Internal connection Regular crossfit connection implants 

Lengths: 10–14 mm 

Diameters: 4.1 mm 

Brand implant: Straumann‖ Dental Implant System, Institut Straumann, AG Peter 

Merian-Weg 12 CH- 4002 Basel, Switzerland 

Type of surface: NR 

Connection: Internal connection Regular crossfit connection implants 

Lengths: 10–14 mm 

Diameters: 4.1 mm 

Kim et al. 2017 [34] External connection. Brand implant: Bråemark System MkIII TiUnite, Nobel 

Biocare AB, Göteborg, Sweden 

Type of surface: 9 TU:TiUnite 

Internal connection Brand implant: OsstemUSII, Osstem Implant Co., Seoul, 

Korea 

Type of surface: 9 SA: Sand-blasted whit alumina and acid etching, 9 

Brand implant: Pitt-easy FBR, Oraltronics Dental Implant Technology GmbH, 

Bremen, Germany 

Type of surface: 18 CP: Calcium phosphate 

Connection: Internal and external 

Lengths: NR 

Diameters: NR 

External connection.Brand implant: Brånemark System MkIII TiUnite, Nobel 

Biocare AB, Göteborg, Sweden 

Type of surface: 44TU: TiUnite 

Internal connection Brand implant: OsstemUSII, Osstem Implant Co., Seoul, 

Korea 

Type of surface: 53 SA: Sand-blasted whit alumina and acid etching, 9 

Brand implant: Pitt-easy FBR, Oraltronics Dental Implant Technology GmbH, 

Bremen, Germany 

Type of surface: 80 CP: Calcium phosphate 

Connection: Internal and external 

Lengths: NR 

Diameters: NR 

Fickl et al. 2010 [35] Brand implant: Osseotite Certain Biomet 3i, Florida, USA 

Type of surface: Dual acid etched 

Connection: Internal connection 

Lengths: NR 

Diameters: 5 mm 

Brand implant: Osseotite Certaind Biomet 3i, Florida, USA 

Type of surface: Dual acid etched 

Connection: Internal connection 

Lengths: NR 

Diameters: 4 mm 
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With respect to the implants‘ connection, in 11 studies implants 

were characterized by internal connection [6,12,22-24,26-29,33-

35], 8 of them using a Morse taper connection [12,22,24,26-

29,33]. Two studies did not report the type of connection used 

[25,30]. One study used external connection [31] and one study 

combined external connection with internal connection both for 

implants placed at crestal and subcrestal level [34]. In the rest of 

the studies, the implants used had the same characteristics. The 

implant-related characteristics of studies are reported in Table 3. 

 

Bone Loss  

 
Among the 16 studies considered, in 10 there were no significant 

differences between the two groups with respect to bone loss. In 

3 studies, one non-RCT [34] and two RCTs [6,29] with similar 

characteristics among them, with the exception of platform-

switched that was not used in the non-RCT study, the bone loss 

was significantly higher for subcrestal implants. These implants 

were placed in two stages, with a follow-up of between 24 and 

36 months. In the remaining 3 articles, 2 RCTs [28,35], and 1 

non-RCT [3], the opposite occurred: Fickl et al. (2010) [35] and 

Vervaeke et al. (2018) [28] with a follow up of 24 and 12 months 

respectively, both placed in one stage, subcrestal implants 

showed better bone levels than the implants placed at crestal 

level. In the remaining article, Degidi et al. (2011) [33], with a 

follow up of 2 months, the implants placed at subcrestal level 

found preexisting and newly formed bone over the implant 

shoulder. 

  

From the RCT studies, the highest amount of bone loss detected 

around subcrestal and crestal implants was exactly the same: 

1.22 mm [6] and 1.22 mm [35] respectively. 

 

Ten studies showed an average of bone loss of less than 1 mm in 

subcrestal implants and 11 studies a loss of less than 1 mm in 

crestal implants (Table 2a,b). 
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Quantitative Analysis in Bone Loss  

 
A meta-analysis was performed to analyze the mean differences 

of crestal bone loss between RCT studies. Of the 9 RCT; five 

randomized studies [6,28,29,32,35] provided valid data to be 

included in the meta-analysis as they evaluated radiologically 

crestal bone loss of implants placed at crestal (n = 100) and at 

subcrestal level (n = 164) with a follow up period between 12 

and 18 months. In addition, the five studies considered used the 

same type of implant connections (i.e., internal). Two studies 

were not included in the meta-analysis because the bone loss 

evaluation was not carried over with an intraoral/panoramic 

radiography. More precisely, a clinical evaluation with a probe 

was performed on Koh et al. (2011) [27] and a CBCT analysis 

was performed on Koutouzis et al. 2016 [26]. Additionally, the 

other two studies were not included in the meta-analysis due to 

the fact that they reported uniquely a follow-up period up to 8 

months [12] and 3 months [24] respectively. The forest plot 

(Figure 2) shows a crestal bone loss mean difference of 0.028 

mm and a p-value = 0.92 (95% CI (Confidence Interval): −0.591 

to 0.648, heterogeneity I
2
 = 98.65%, p ≤ 0.001). 

 

 
 
Figure 2: RCT analysis. 

 

The negative values shown in the forest plot represent a higher 

crestal bone loss for the subcrestal group. While positive ones 

represent higher loss of bone for the crestal group. 

 

With respect to the non-RCT studies, a meta-analysis could not 

be carried out due to the high level of heterogeneity between the 
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studies included in the review. The main difference comes from 

the length of the follow-up periods which varies substantially in 

five out of seven studies: 1–2 months [33], 63 months [23], 6 

months [25], 18 months [30] and 105 months [22]. Only Veis et 

al. (2010) [31] and Kim et al. (2017) [34] had comparable 

follow-up periods of 24 months and 36 months respectively. 

Nevertheless, in their case, the connection of the implants varied; 

being only external in one of the articles [31] and both external 

and internal in the other article [34]. Since differences in the 

connection may induce a bias in the result, we could not perform 

a meta-analysis for the non-RCT studies. 

 

Soft Tissue  
 

Regarding the soft tissue, in 4 studies no significant differences 

were found between both vertical positions [12,23,29,32]. Koh et 

al. (2011) [27], found better results for the subcrestal implants in 

terms of keratinized tissue width, the difference being 

statistically significant. Palaska et al. (2016) [24], found a 

significant and highest values in the modified gingival index for 

the crestal group. 

 

Degidi et al. (2011) [33], were the only ones who performed a 

histological analysis, the implants were retrieved from patients 

two months after their placement. In implants placed at the 

crestal level, dense connective tissue was found in the coronal 

area of the implant, while in subcrestal implants no gaps or 

fibrous connective tissue were found at the interface of the 

implant. 

 

Vervaeke et al. (2018) [28], found a significant correlation 

between soft tissue thickness and bone level alterations after 6 

months, with higher bone loss for crestal implants when thin 

tissue was present.  

 

In 8 studies considered in this review, soft tissue was not 

analyzed (Table 4). 
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Table 4: Soft tissue. 

 
 

Author Outcomes Regarding Soft Tissue Analysis in Crestal and Subcrestal Implants 

Romanos et al. 2015 [22] Not Analyzed 

Al Amri et al. 2017 [23] Probing depth: there was no significant difference in both groups 

Bleeding on probing: there was no significant difference in both groups 

Pellicer et al. 2016 [6] Not Analyzed 

Palaska et al. 2016 [24] Probing depth: was deeper in subcrestal positions but there was no statistically significant difference 

between groups (p > 0.05) 

Biotype: no statistically significant difference was recorded between groups 

Modified plaque index: no statistically significant difference between crestal and subcrestal implants 

Modified gingival index: highest values were recorded for crestal group, being statistically significant 

from subcretsal group 

Nagarajan et al. 2015 [25] Not Analyzed 

de Siqueira et al. 2017 [12] Keratinized tissue width: no differences in two groups 

Vertical mucosa thickness: no differences in two groups 

Tissue recession: no differences in two groups 

Plaque index bleeding on probing: peri-implant tissues were checked and found healthy at every follow-

up return in the two groups 

Koutouzis et al. 2014 [26] Not Analyzed 

Koh et al. 2011 [27] Keratinized tissue width: from baseline to 4 months was 0.7 ± 0.2 mm for the crestal group and 1.7 ± 

0.4 mm for the subcrestal group being statistically significantly 

Vervaeke et al. 2018 [28] A significant correlation was observed between soft tissue thickness and bone level alterations after 6 

months with inferior bone levels for crestal implants when thin tissues are present 

Kütan et al. 2015 [29] Probing depth: no significant differences 

Modified plaque index: no significant differences 

Modified gingival index: no significant differences 

Ercoli et al. 2017 [30] Not Analyzed 

Veis et al. 2010 [31] Not Analyzed 

Degidi et al. 2011 [33] Histological analysis 

Crestal: dense connective tissue, with only a few inflammatory cells, was observed at the level of the 

shoulder of the implant and of the periimplant coronal portion 

Subcrestal: no gaps or fibrous connective tissue was found at the bone-implant interface. 

Al Amri et al. 2017 (RCT) 

[32] 

Probing depth: no significant differences 

Bleeding on probing: no significant differences 

Kim et al. 2017 [34] Not Analyzed 
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Discussion  
 
As described in the result section, in 10 studies there were no 

statistically significant differences between implants placed at 

crestal and subcrestal level with respect to bone loss around 

them. Three studies found a greater loss in implants placed at the 

subcrestal level and the 3 remaining studies found the opposite, a 

better preservation of the bone in the subcrestal implants. 

According to the vast majority of these studies, there is no 

difference of bone loss between implants placed at crestal or 

subcrestal level. Furthermore, as seen in our meta-analysis with a 

selected homogenous sample, a crestal bone loss occurs in both 

cases, and the difference is not statistically significant. 

 

If we take into account that every time we place an implant we 

expect a loss of bone that can cause the implant exposure, 

aesthetic problems and the risk of suffering perimplant 

pathologies, it seems natural to think that positioning the implant 

deeper with respect to the bone crest may be favorable in order 

to avoid these potential drawbacks. 

 

In the last few decades, researchers devote substantial effort to 

shed more light over the causes responsible for the small loss of 

bone occurring when an implant is placed especially after the 

first months following the placement. As pointed out in the 

results of this review, the vertical position of the implant with 

respect to the bone does not seem to be the main cause of bone 

loss. This conclusion is as well in line with the results obtained 

in Gualini et al. (2017) [36], where no significant differences 

regarding bone loss were found for implants placed in different 

subcrestal positions. Instead, we might speculate that the loss of 

bone could differ if we take into account the interaction of more 

than one factor simultaneously in addition to the vertical position 

of the implant such as the platform switching, the type of 

connection, the soft tissue characteristics, or the biological 

width. In the following, we will analyze the impact of each one 

of these factors on bone loss with respect to the crestal and 

subcrestal placing of the implant. 
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Platform-Switching in Relation to the Vertical Position 

of the Implant  

 
In the concept of platform-switching, the implant/abutment 

junction moves towards the center of the implant, with the aim of 

separating the bacterial filtration from the crestal bone [37]. This 

type of design, thanks to the narrowing of the implant/abutment 

junction may help to minimize the invasion of the biological 

width [33]. 

 

It is not clear whether platform switching can help to prevent 

bone loss. Within this review, 6 studies found differences 

between crestal and subcrestal implants, 5 of them used the 

concept of platform-switching and two of them found a greater 

bone loss in implants placed at the subcrestal level [6,29]. This 

result could possibly be attributed to a deeper implant placement 

that would be related to deeper pocketing and inflammation [6]. 

The other three studies [28,33,35] in contrast, found less bone 

loss in subcrestal implants when the platform-switching was 

used. Several authors advocate in favor of the platform switching 

based on the reduced bone loss observed as a result of its use 

[31,38,39]. Nevertheless, more research is needed with longer 

follow-up periods to determine if platform-switching is more 

beneficial in terms of reducing bone loss. 

 

Connection in Relation to the Vertical Position of the 

Implant 

 
With respect to the implants‘ connection, almost the totality of 

the studies considered in this review used internal connection 

and only one study combined internal connection with external 

connection between implants placed at crestal and subcrestal 

level [34]. In this study they found a higher bone loss in implants 

placed at the subcrestal level both for internal and for external 

connections. This result is in line with a recent systematic review 

comparing internal and external connection and pointing out that 

there are not enough evidences to conclude that one connection 

is better than the other with respect to marginal bone loss [40]. 

Nevertheless, several clinical studies have suggested that the 

Morse taper connection with subcrestal implant could be 
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favorable to prevent bone loss, being most efficient in terms of 

bacterial sealing and prosthetic stability [33,40]. 

 

Soft Tissue Response to Crestal and Subcrestal 

Implants  
 

According with the results presented in the study of Verveake et 

al. (2018) [28], included in this review, in areas with thin soft 

tissue, we could anticipate bone remodeling if we adapt the 

position of the implant with a more subcrestal placement in 

relation to the existing soft tissue. 

 

Biological Width in Relation to the Vertical Position of 

the Implant  

 
The biological width is present in natural teeth and is composed 

of the epithelial junction and connective tissue. Abrahamsson et 

al., (1996) [41], demonstrated that this space is also formed 

around dental implants. According to Oh et al. (2002) [42], the 

bone remodeling of the crest is influenced by a variety of factors 

including the facilitation of the formation of the biological width 

around the implant with the objective of creating a barrier 

against the oral flora. The bone remodeling lasts one year after 

placing the implant, being more accentuated at the beginning, 

and it starts either the same day of the placement of the implant, 

if a pillar is placed immediately and the implant is exposed to the 

oral environment (one stage), or in a second moment if the pillar 

is placed later (two stages) [43]. It is for this reason that in our 

inclusion criteria we decided to accept studies with short follow-

up periods, as long as the implants were placed mostly in one 

stage. The formation of biological width around implants could 

influence the bone remodeling and this fact might explain why 

the resorption is more pronounced during the first year, as 

reported in all the articles included in this review. Of the studies 

included in this review, Vervaeke et al. (2018) [28] is the only 

one that took into account bone remodeling and biological width, 

obtaining favorable results. In their study, the thickness of the 

soft tissue was measured before placing the implants and a non-

random systematic assignment was applied to determine the 

position of the subcrestal implant while adapting it to the 
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thickness of the soft tissue, leaving at least 3 mm of space for the 

establishment of the biological width. If a patient was 

characterized by having 2 mm of the width of the mucosa, they 

considered placing the implant 1 mm below the crest in order to 

anticipate bone remodeling and avoid future exposure of the 

implant. 

 

As suggested by Kan et al. (2010) [44], the gingival biotype can 

be considered thin if the measurement is ≤1.0 mm and thick if it 

measures >1.0 mm. Several studies reported an increase in bone 

loss in implants placed at the crestal level with thin biotypes and 

have concluded that a minimum amount of keratinized tissue is 

needed around the implants to reduce tissue recession [45,46] 

and crestal bone loss [28,42,47-49]. 

 

Conclusions  
 
The existing literature is not yet conclusive on whether one of 

these positions of implant placement is superior to the other. In 

this review we observed that in the vast majority of articles there 

are no differences and that the loss of bone that always occurs 

when an implant is placed, is not due strictly to the location of 

the implant with respect to the bone, as it continues to occur in 

both vertical positions. 

 

Moreover, appropriate clinical results with a high survival rate 

and a similar bone loss were obtained both for crestal and 

subcrestal implants‘ placement. 

 

Although, with respect to soft tissue, in presence of a thin tissue, 

a subcrestal placement of the implant should be preferred as it 

may reduce the probability for the implant to get exposed in the 

future and thus, avoiding the risk of suffering from peri-implant 

pathologies. Nevertheless, to fully support this statement, more 

precisely designed and more homogenous clinical trials with 

larger samples and longer follow-up periods are needed. 
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Abstract  
 

Laser Powder Bed Fusion (LPBF) technology was used to 

produce samples based on the Ti–6Al–4V alloy for biomedical 

applications. Solid-state phase transformations induced by 

thermal treatments were studied by neutron diffraction (ND), X-

ray diffraction (XRD), scanning transmission electron 

microscopy (STEM) and energy-dispersive spectroscopy (EDS). 

Although, ND analysis is rather uncommon in such studies, this 

technique allowed evidencing the presence of retained β in α’ 

martensite of the as-produced (#AP) sample. The retained β was 

not detectable by XRD analysis, nor by STEM observations. 

Martensite contains a high number of defects, mainly 

dislocations, that anneal during the thermal treatment. Element 

diffusion and partitioning are the main mechanisms in the α  β 

transformation that causes lattice expansion during heating and 

determines the final shape and size of phases. The retained β 

phase plays a key role in the α’ → β transformation kinetics. 
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Introduction  
 

Metal additive manufacturing is now taking the lead in market 

sections where low production volumes, freedom of design, and a 

high level of customization are the guiding lights, such as in 

biomedical and aerospace markets [1,2]. Furthermore, this 

manufacturing technique is particularly suitable for strategic 

metallic materials, which are difficult and expensive to 

manufacture with traditional subtractive technologies. Titanium 

and its alloys are the most representative example, being 

advanced structural materials, characterized by outstanding 

properties such as high strength-to-weight ratios, fracture 

toughness, corrosion resistance (immunity to seawater), and 

biocompatibility, but also affected by major technological 

drawbacks in terms of machinability, such as the extreme 

reactivity and the low thermal conductivity [3,4]. Only low-speed 

machining of forged titanium has been successfully employed 

over history, resulting in more than half of the raw materials 

wasted as scrap [5,6]. 

 

The α + β titanium alloy Ti–6Al–4V is the most studied in terms 

of metallic materials processable by additive manufacturing 

(AM) and, in particular, by the Powder Bed Fusion (PBF) 

technique [7]. Starting from a computer-aided design (CAD) file, 

a high-energy beam, typically a laser or an electron beam, 

selectively fuses metal powder particles layer-upon-layer, in 

order to build a three-dimensional (3D) object, while the 

surrounding nonirradiated powder acts as support for the built 

part as well as for the following layers.  

 

The fast cooling rates (10
4
–10

6
 K/s) of the small melt pools 

typical of Laser Powder Bed Fusion (LPBF) exceed the critical 

cooling rate required for martensitic transformations in Ti–6Al–
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4V [8], resulting in phase transformation of the high-temperature 

bcc β-Ti phase into the metastable hcp α’-Ti phase through a 

shear-type diffusionless process. This gives rise to an as-built 

microstructure of elongated prior β grains filled with fine α’ 

martensite [9,10]. Properties of materials are linked to 

microstructural features including phases and their length scale, 

morphology, and distribution, therefore the poor ductility typical 

of as-built LPBF samples is induced by the combined detrimental 

effect of intergranular failure due to the nonisometric shape of 

prior β grains and the hindered dislocation motion attributed to 

the tightly spaced fine martensitic grains [11,12]. However, the 

same microstructure shows strength values which are comparable 

or, in some cases, better than the same alloy produced by 

traditional manufacturing techniques, and the application of heat 

treatments allows to induce a phase transition from the 

martensitic α’ to a coarse α + β, which improves the ductility but 

lowers strength, leading to the so-called strength–ductility 

dilemma [13,14].  

 

In recent years, a number of research efforts concentrated on the 

optimization of the LPBF process parameters such as input 

energy, hatch distance, layer thickness, scan speed, scan strategy, 

and focal offset distance [15–18], and on further post-processing 

heat treatments to obtain peculiar microstructures and mechanical 

properties, according to the targeted application. 

 

In the field of biomaterials, and particularly in orthopedics and 

dentistry applications, the LPBF technology is mostly 

appreciated for its high degree of individualization and the 

capability of producing low-volume devices and complex 

geometric features in a single production process. However, 

during the LPBF process of metal alloys, new and unexpected 

nanostructures [19] as well as novel precipitates stoichiometry 

and precipitation sequence [20] can develop, that strongly modify 

the mechanical performances of parts. Therefore, accurate 

characterization of LPBF-produced devices is necessary to 

clarify the structural mechanisms at the nanoscale responsible for 

the macroscopic behavior. 
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In this study, a Ti–6Al–4V alloy has been produced by LPBF, 

following the material processing used in the production of 

commercial devices employed in dentistry. In particular, after the 

LPBF process, samples were submitted to a five-step heat 

treatment to simulate the veneering of metals parts with 

ceramics, commonly used in dentistry for aesthetic reasons. 

Results concerning structural characterization of raw powder, as-

produced sample, and thermally treated sample, as well as results 

of the mechanical tests performed on the same samples have 

been reported in a previous paper [21]. 

 

The aim of the present paper is to investigate phase transitions 

induced by thermal treatments performed on Ti–6Al–4V samples 

produced by LPBF. Structural characterization has been carried 

out by X-ray diffraction (XRD), scanning transmission electron 

microscopy (STEM), energy-dispersive spectroscopy (EDS), and 

neutron diffraction (ND). Among the different analytical 

techniques used in this study, ND proved to be the only one 

capable of detecting the presence of retained β-Ti in α’-Ti 

martensite after the LPBF production process. The presence of a 

small amount of retained β-Ti in α’-Ti martensite is generally 

difficult to detect by conventional techniques such as XRD and 

TEM. In this paper, for the first time, an approach based on 

neutron diffraction (ND) is proposed in order to overcome 

difficulties related to detection of retained β-Ti in α’-Ti 

martensite. Results show that the retained β phase is responsible 

for the peculiar microstructure observed after the five-step heat 

treatment.  

 

Materials and Methods  
Material and Production Process  
 

Laser Powder Bed Fusion (LPBF) technology was used to 

produce test samples in an EOSINT M290 system equipped with 

a solid-state Yb fiber laser operating in the following conditions: 

a) Laser beam power 280 W, b) Laser spot diameter 200 μm, c) 

Laser scan speed 1200 mm/s, d) Hatch distance 0.14 mm, d) 

layer thickness 30 μm, and e) chess scan strategy. The LPBF 

process was carried out in argon atmosphere. 

 



Prime Archives in Material Science 

 

6                                                                                 www.videleaf.com 

The raw material was virgin new and originally sealed EOS Ti64 

powder, supplied by EOS GmbH Electro Optical System, with 

chemical composition compatible with the Ti–6Al–4V alloy, 

corresponding to ISO 5832-3, ASTM F1472, and ASTM B348. 

The nominal composition of the EOS Ti64 powder, as reported in 

the material datasheet from the manufacturer, is shown in Table 

1. Further details on LPBF parameters, powder properties, and 

composition of parts before and after thermal treatments can be 

found elsewhere [21]. From now on, samples of the raw powder 

are indicated as #PW. 

 
Table 1: Nominal composition of EOS Ti64 powder from the material 

datasheet. 

 
Al 

(wt.%) 

V 

(wt.%) 

O 

(ppm) 

N 

(ppm) 

C 

(ppm) 

H 

(ppm) 

Fe 

(ppm) 

Ti 

5.50–

6.75 

3.50–

4.50 

<2000 <500 <800 <150 <3000 Balance 

 

Parallelepiped samples with size 31.8 mm × 6.4 mm × 12.7 mm 

(X × Y × Z) were produced (X is the slide direction of the 

recoater, and Z is the growth direction). Immediately after 

production, samples were submitted to thermal treatment at 800 

°C for 4 h in argon atmosphere to reduce material anisotropy due 

to the layer-by-layer building method. As this annealing thermal 

treatment is part of the production process and considering that 

devices produced from the EOS Ti64 powder are commercialized 

in this state, from now on, samples after the above-described 

treatment are referred to as ―As Produced‖ (#AP). 

 

Thermal Treatments  
 

In order to investigate the α  β transformation behavior, 

samples in the #AP condition were submitted to a five-step 

thermal treatment, compliant to EN ISO 22674, which simulates 

the firing cycle commonly used in dental applications to veneer 

metallic devices based on the Ti–6Al–4V alloy with dental 

ceramic materials. The thermal treatment, starting from a 

preheating temperature of 420 °C, consists of a series of five 

heating and cooling ramps performed in vacuum that heat the 
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sample up to 945 °C [21]. Samples submitted to this thermal 

treatment, from now on, are indicated as ―#TT‖. 

 

Mechanical Tests  
 

Mechanical tests consisting of flexural tests as well as hardness 

and roughness measurements were performed on both #AP and 

#TT samples, results have been discussed elsewhere [21]. 

 

Characterization Techniques  
 

Structure characterization was performed by neutron diffraction 

(ND), X-ray diffraction (XRD), scanning transmission electron 

microscopy (STEM) in both bright-field (BF) and dark-field 

(DF) mode, and energy-dispersive X-ray microanalysis (EDS). 

 

Neutron diffraction investigation was performed in the scattering 

vector range Q = 1.5 − 7.5 Å
−1

 by using facilities available at the 

Budapest Neutron Centre (BNC). 

 

XRD measurements were carried out by a Bruker D8 Advance 

X-ray diffractometer in the angular range 2θ = 10° − 85°, 

corresponding to the vector scattering range Q = 0.7 − 5.5 Å
−1

, 

by using Cu–Kα radiation (λ = 0.154056 nm). Analysis of the 

XRD patterns performed by Rietveld refinement using the 

MAUD (Materials Analysis Using Diffraction) software allowed 

estimating of lattice parameters and relative content of the Ti 

phases present in the samples [22]. Shape analysis of peaks as 

well as peak deconvolution were obtained by the Origin software 

package [23]. All peaks present in the XRD patterns were 

indexed with reference to the International Centre for Diffraction 

Data (ICDD) files for low-temperature hexagonal (hcp) α-Ti (44-

1294) and high-temperature cubic (bcc) β-Ti (44-1288) phases. 

 

A probe Cs-corrected FEI Titan
3
 G2 60-300 equipped with 

ChemiSTEM technology was used for STEM and HRSTEM 

observations and EDS analysis. Lamellae for STEM and EDS 

analyses were prepared by a ZEISS NEON CrossBeam 40EsB 

Focused Ion Beam (FIB) system. Before milling, a layer of Pt 

was deposited at the place of cutting in order to protect the thin 
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sample against heavy Ga ions during preparation. Final milling 

was performed by 4 keV Ga + ion beam. 

 

Results  
 

Results obtained from the different analytical techniques used in 

the present study are reported separately. 

 

Neutron Diffraction (ND)  

 

 
 
Figure 1: Neutron diffraction (ND) intensity color map of the three investigated 

samples for two different ranges of the scattering vector Q: A) low-value range 

Q = 2.4 − 2.95 Å−1; B) high-value range Q = 4.2 − 5.3 Å−1. Miller indices of 

peaks from α-Ti and β-Ti phases are reported. The color code on the right of 

figures indicates peak intensity range. Diffraction effect due to the β-Ti high-

temperature phase in samples #AP and #TT is evidenced by the red ellipse in 

Figure 1B. 
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The intensity color map of neutron diffraction for the three 

analyzed samples is reported in Figure 1. The color code on the 

right of Figures 1A and 1B indicates peak intensity range. Two 

different ranges of the scattering vector Q were investigated: 

low-value range Q = 2.4 − 2.95 Å
−1

 where the most intense 

diffraction peaks of Ti are located (Figure 1A), and high-value 

range Q = 4.2 − 5.3 Å
−1

 containing low-intensity peaks (Figure 

1B). In the color maps, peak position is indicated by the Miller 

indices of the corresponding Ti phase, while dashed lines mark 

the exact position of patterns from #PW, #AP and #TT samples 

 

In Figure 1B, the red ellipse indicated by arrow evidences 

diffraction effects due to (211) lattice planes of the cubic (bcc) 

high-temperature β-Ti phase in samples #AP and #TT. This latter 

effect is completely absent in sample #PW (Figure 1B). 

 

Diffraction peaks in sample #AP (Figure 1A) are generally broad 

and weak, becoming more defined and sharper after the thermal 

treatment (#TT). This effect is pronounced for the α(100) peak of 

sample #AP (Figure 1A). 

 

In order to further achieve quantitative information from ND 

patterns, Rietveld refinement was carried out results are reported 

in Figure 2. Experimental data points (red dots) in Figure 2 are 

fitted by Rietveld analysis program (continuous line), while grey 

dots in the pattern indicate excluded regions due to instrument 

background. Diffraction peaks from the α-Ti phase are indicated 

by full squares, while full dots and arrows indicate diffraction 

peaks due to β-Ti (Figure 2). 

 

Powder (#PW) is entirely formed of α-Ti (Figure 2A). On the 

contrary, the LPBF sample in the as-produced condition (#AP) as 

well as the thermally treated sample (#TT), in addition to the α-

Ti phase contain also the high-temperature β-Ti phase (Figure 2B 

and Figure 2C). Estimation of lattice parameter of the β-Ti phase 

from ND patterns provided aβ = 0.31973 nm for the #AP sample 

and aβ = 0.32037 nm for #TT. Lattice parameters of the α-Ti 

phase are compatible with the XRD results reported below. 
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Figure 2: ND patterns of samples: A) powder (#PW), B) as-produced (#AP) 

and C) thermal-treated (#TT). Experimental data points: red dots; Rietveld 

refining: continuous line. Gray regions of patterns are excluded Q ranges due to 

instrument background. Full square: α-Ti; Full dots: β-Ti. Arrows indicate peak 

position of the β-Ti phase. 
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X-ray Diffraction (XRD)  
 

XRD results obtained in the same low and high Q value ranges as 

ND are shown in Figure 3. In this case, results are reported in 

function of Q, the scattering vector, to ease comparison between 

XRD and ND experimental patterns. 

 

 

 

 
 
Figure 3: XRD patterns of samples in the same scattering vector range of 

neutron diffraction analysis. 

 

XRD clearly shows presence of α-Ti in the pattern of all samples, 

while β-Ti is evidenced as a weak and broad peak around Q = 

2.75 Å
−1

 (2θ = 39.459°) exclusively in the pattern of heat-treated 

(#TT) sample (Figure 3). 

Rietveld refining of XRD patterns allowed calculation of the 

lattice parameters of Ti phases present in the analyzed samples. 

All results obtained from ND and XRD analysis are summarized 

in Table 2, where reference values from the ICDD files are 

reported for comparison.  
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Table 2: Lattice parameters of Ti phases as estimated from XRD and ND 

investigations. Values from International Centre for Diffraction Data (ICDD) 

files (α-Ti 44-1294, β-Ti 44-1288) are shown as reference. 

 
Ti 

phase 

#PW #AP #TT Reference 

α a = 0.29291 nm 

(XRD) 

c = 0.46631 nm 

(XRD) 

a = 0.29222 nm 

(XRD) 

c = 0.46604 nm 

(XRD) 

a = 0.29274 

nm (XRD) 

c = 0.46742 

nm (XRD) 

a = 0.29505 

nm 

c = 0.46826 

nm 

β not detected 

(XRD) 

not detected 

(ND) 

not detected 

(XRD) 

a = 0.31973 nm 

(ND) 

a = 0.32259 

nm (XRD) 

a = 0.32037 

nm (ND) 

a = 0.33065 

nm 

 

Values of lattice parameters for both α-Ti and β-Ti phases are 

always lower than reference, independently of sample type 

(Table 2). A slight increase in lattice parameters of both phases is 

observed as a consequence of thermal treatment. The lattice 

parameters values obtained from XRD and ND are in close 

agreement. 

 

Volume fraction of β-Ti in the #TT sample, as estimated by 

Rietveld refining of XRD pattern, is about 7%. 

 

Scanning Transmission Electron Microscopy (STEM) 

and Microanalysis (EDS)  
 

STEM investigations of samples #AP and #TT are shown in 

Figure 4. High density of crystallographic defects, mainly 

dislocations, is visible in the STEM images of sample #AP both 

in bright-field (BF) mode (Figure 4A) and in dark-field (DF) 

mode (Figure 4B) of the same sample zone.  

 

Elongated grains resembling a martensitic structure typical of 

high cooling rates constitutes the material microstructure after 

the LPBF process. 
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Figure 4: Scanning Transmission Electron Microscopy (STEM) images of 

samples #AP and #TT in bright-field (BF) and dark-field (DF) mode: A) #AP–

BF; B) #AP–DF; C) #TT–BF; D) #TT–DF. 

 

After thermal treatment, grains appear more regular in shape, 

although regions with elongated grains resembling the previous 

martensitic structure are still visible (Figure 4C). However, 

dislocation density inside grains is now sensibly lower with 

respect to the #AP sample, with a tendency to reorganize in low-

angle subgrain boundaries (Figure 4C). The dark-field (DF) 

image of the same area of the #TT sample is shown in Figure 4D. 

The DF image, taken by the high-angle annular detector of the 

STEM equipment, evidences compositional contrast. Therefore, 

the elongated brighter zones preferentially located at the grain 
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boundaries in Figure 4D contain higher atomic number elements 

with respect to the adjacent darker regions. Electron-diffraction 

investigations performed on different areas of the #TT sample 

showed that grains are mainly formed of α-Ti, while the 

elongated zones at the grain boundaries are β-Ti [21]. It is worth 

noting that the β-Ti phase is discontinuous around the α-Ti grain, 

giving rise to a peculiar microstructure. 

 

EDS analysis mapping of the #TT sample allowed evidencing of 

element distribution inside the different regions. Results obtained 

in correspondence to a grain boundary are reported in Figure 5.  

 

Figure 5A is the DF image of the investigated zone, and Figure 

5B is the corresponding EDS map performed considering Ti, Al, 

and V. EDS maps of single elements (Ti, V, Al) are also reported 

in Figure 5. 

 

 
 

Figure 5: Energy-dispersive spectroscopy (EDS) analysis of sample #TT in 

correspondence to three grain boundaries: A) STEM Dark-Field image; B) EDS 

map for Ti, Al, and V. EDS maps of single elements are also reported for Ti, V, 

and Al. 
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In order to quantify element concentration inside the different 

regions evidenced in Figure 5, EDS in line-scan analysis was 

carried out in the same area, results are reported in Figure 6. 

 

Figure 6 reports concentration (in at.%) of Ti, V, Al, and Fe 

along the scanned line. The inset A in figure 6 shows the exact 

location of the scanned line (arrow) on the sample. The direction 

of the line scanning is indicated by arrow (from tail to tip). The 

scanned line intercepts three grain boundaries (GB) marked as 

GB1, GB2, and GB3, respectively. Element concentration profile 

along the scanned line for each element is given in at.%. The 

graph scale in figure 6 measures the distance (in nm) along the 

scanned line from the starting point (arrow tail). The uppermost 

curve (Ti) in Figure 6 shows variation of Ti concentration along 

the scanned line. Curves in the lower part of figure 6 report 

concentration of Al, V, and Fe, respectively. The inset B, located 

below the bottom axis of the graph, is the STEM dark-field 

image of the region analyzed. Location and direction of the 

scanned line is indicated by arrow, while the positions of the 

three grain boundaries GB1, GB2, and GB3 shown in inset A are 

marked for reference.  

 

Results clearly show a strong increase of V concentration at grain 

boundaries (GB1, GB2, and GB3) in correspondence to β-Ti. In 

particular, V concentration in β-Ti reaches 23 at.% (about 25 

wt.%), while Al and Ti decrease to 7 at.% (about 4 wt.%) and 70 

at.% (about 71 wt.%), respectively. Furthermore, the increase of 

V in β-Ti is always accompanied by a slight increase of Fe 

(Figure 6). 
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Figure 6: Element concentration (in at.%) obtained by EDS line-scan analysis. 

Inset A: location of the scanned line (arrow) on the sample. Inset B: scanned 

line (arrow) with the position of grain boundary (GB) marked. 

 

Discussion  
 

The EOS Ti64 powder consists of spherical particles with 

diameter size ranging from 0.7 μm to 118 μm and average 

diameter of 16 μm [21]. Powder was processed in the EOSINT 

M290 system by using the LPBF parameters reported above. 

Structural characterization of the raw powder performed by ND 

(Figure 1 and 2A) and XRD (Figure 3) shows single phase α-Ti 

with lattice parameter values slightly lower than those of the 

reference (Table 2). Reduction amounts to about 0.7% and 0.4% 

for the lattice parameters a and c, respectively. Accordingly, the 

volume of the α-Ti hexagonal unit cell results about 1.8% lower 
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than that of the reference. The difference in lattice parameters of 

α-Ti is due to the atomization process used for powder 

production, which involves high cooling rates [24]. Therefore, 

both ND and XRD investigations show a well crystallized α-Ti 

single phase powder. 

 

After the LPBF process (#AP), diffraction peaks in ND and XRD 

patterns show a general trend to increase width and reduce 

height. The ND intensity color map in Figure 1 clearly shows this 

trend, which is further confirmed by the ND pattern in Figure 2B 

and the XRD pattern in Figure 3. Lower intensity and larger 

width of diffraction peaks are associated to high defective 

structure. STEM images in Figure 4A and 4B confirm high 

density of defects in the martensitic structure of sample #AP. 

Formation of martensite during AM processing of Ti–6Al–4V 

alloy is well known in literature and was attributed to the high 

cooling rates developed during the LPBF process [8–10]. 

Comparison of STEM images in BF and DF mode (Figure 4A,B) 

of the same sample zone evidences high density of defects, 

mainly dislocations, inside grains of the martensitic structure. 

 

Although, ND and XRD provide results in general agreement in 

terms of phases and lattice parameters, in the case of sample #AP 

they show marked discrepancies. In particular, while ND shows a 

diffraction effect in correspondence of the (211) peak position of 

the high-temperature cubic β-Ti phase (Figure 1B), XRD pattern 

does not evidence any effect attributable to this phase (Figure 3). 

Malinov and Sha [25] have already reported on difficulties of 

detecting small amounts of β-Ti in Ti–6Al–4V alloy by using 

conventional XRD and TEM techniques. They have also 

evidenced that this difficulty is further enhanced in the presence 

of martensitic α-Ti (commonly referred to as α’-Ti). In order to 

overcome difficulty of β-Ti detection, Malinov and Sha proposed 

synchrotron radiation experiments [26]. Recently, Cho et al. [16] 

performed XRD measurements in microdiffraction mode 

(μXRD) by using a laboratory equipment, demonstrating the 

possibility of detecting low-intensity diffraction effects 

attributable to β-Ti in as-produced parts with predominant α’/α-

Ti microstructure. This latter result obtained by μXRD was 

ascribed to the small volume fraction of β-Ti, that cannot be 
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detected by conventional XRD, nor by TEM, as already 

suggested by Malinov and Sha [25]. Therefore, most papers in 

literature reporting single-phase α’/α-Ti composition of produced 

parts that based conclusion on XRD and/or TEM evidences, may 

have neglected the presence of primary or retained β-Ti, which 

play a key role in the α  β transformation during subsequent 

heat treatments. 

 

In this paper, for the first time, an approach based on neutron 

diffraction (ND) is proposed in order to overcome difficulties 

related to detection of retained β-Ti in α’-Ti martensite. 

 

Neutrons interact with matter through nuclear interactions, while 

X-rays interact through electromagnetic interactions with the 

electron cloud of atoms. In neutron scattering, the atomic nuclei 

are point particles, while in X-ray scattering, atom size is 

comparable to the wavelength of probing radiation. For this 

reason, neutrons have high penetration (low absorption) for most 

elements, making neutron scattering a bulk probe. Furthermore, 

neutrons have the right momentum and energy transfer to 

investigate both structures and dynamics in condensed matter 

[27,28]. 

 

In this study, we take advantage of the larger volume investigated 

by ND to increase the diffraction effects from the β-Ti phase, 

which in this way become detectable. As a result, ND provides 

clear evidence of retained β-Ti in the #AP sample (Figure 1B and 

2B), which otherwise is prevalently constituted of α’-Ti 

martensite (Figure 4A,B). Lattice parameter of the retained bcc 

β-Ti, estimated from the ND pattern in Figure 2B, is about 3.4% 

lower than the reference value (Table 2). This effect could be 

ascribed to the high cooling rates typical of the AM processes 

that are responsible for the high defective martensite. Ahmed and 

Rack [29] have demonstrated that cooling rates above 410 K/s 

result in a fully martensitic microstructure. On the other hand, in 

AM processes, typical values of cooling rate exceed 10
4
 K/s 

[7,8], thus justifying the martensitic α’-Ti structure observed in 

the #AP sample. However, as evidenced by Kirka et al. [30], on 

increasing the number of layers deposited in the AM process, α’ 

can completely decompose into α+β or undergo a partial 
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decomposition to α’ + α + β microstructure. In particular, the top 

layer sintered by the laser action undergoes a phase 

transformation that can be summarized as liquidus → β → α’, 

while in most of the underlying layers, solid-state phase 

transformations occur that cause multiple cycles of diffusionless 

β ↔ α’, resulting in a final mixture of α’, α, and β phases [30]. 

 

In complete agreement with Kirka et al. [30], our results obtained 

from ND and XRD investigations on the #AP sample evidence a 

mixture of highly defective α’-Ti martensite and retained β-Ti 

phase. 

 

Thermally treating the highly defective microstructure observed 

in sample #AP induces elements diffusion and defects annealing. 

Diffusion of elements is strongly favored by defects, which 

therefore have a role in the solid-state phase transformations, as 

already shown by Haubrich et al. [31]. Nevertheless, diffusion 

induces element partitioning that is substantially the basics of 

martensite decomposition: Al and O are accumulated in the α/α’ 

phase, while V and Fe accumulate in the β phase [31,32]. 

 

During martensite decomposition, lattice variations of both α/α’ 

and β phases occur together with stress relaxation and defects 

annealing, resulting in final lattice parameters of phases 

dependent on cooling rates [33]. 

 

In our case, ND and XRD results for the #TT sample evidence a 

slight increase of both α and β phases lattice parameters (Table 2) 

with respect to #AP. The lattice expansion of α and β phases on 

thermal treatments has been deeply investigated by Elmer et al. 

[33], who found an increase of the average thermal expansion 

coefficient during the α → β transformation on annealing. 

However, they also observed an anomaly decreased expansion of 

the β phase at around 500–600 °C that attributed to an increase of 

the V concentration. The same effect is reported in the paper by 

Huabrich et al. [31] in a sample annealed at 400 °C for 2 h. 

 

Considering that our alloy has been treated in the temperature 

range 500–945 °C, well above the critical temperature for the 

anomalous behavior of the expansion coefficient, the increase in 
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lattice parameters of the β phase measured in the #TT sample can 

be attributed to V incorporation inside the cubic structure. 

 

As shown in Figures 5 and 6, the β-Ti phase formed at the grain 

boundaries of the α-Ti phase is discontinuous and greatly 

enriched in V. 

 

As a consequence of annealing, dislocation density inside grains 

is dramatically reduced during the thermal treatment (Figure 

4C,D), thus grain boundaries remain the energetically favored 

paths for elements diffusion. This latter effect also justifies the 

elongated shape of β phase, which grows following the grain 

boundary line, with a limited width in direction perpendicular to 

the grain boundary (Figure 4C,D). The fast diffusion of elements 

along grain boundaries gives rise to accumulation of V in the β 

phase, which reaches concentrations as high as 23 at.% (about 25 

wt.%), as observed in Figure 6. It is worth noting that the strong 

increase in V concentration in the β phase is always accompanied 

by a corresponding increase in Fe content (Figure 6), confirming 

element partitioning as the basic mechanism in α ↔ β 

transformations. 

 

Haubrich et al. [31], by atom probe tomography (APT), found 

two-dimensional features with thickness below ~3 nm that they 

considered as possible precursors for precipitation of β within α’ 

laths. 

 

In our case, is the retained β phase, evidenced by ND 

investigations after production (sample #AP), that plays a key 

role in the α’ → β transformation kinetics during heating, 

justifying the peculiar microstructure observed after the thermal 

treatment (sample #TT). In fact, during heating, the retained β 

phase located at the grain boundary or in its proximity coarsens 

and stores V by the mechanism described above, without any 

nucleation process involved, resulting in an accelerated 

transformation kinetics. Therefore, although formation of β-Ti by 

the slower nucleation and growth mechanism also occurs during 

heating, the retained β phase at the grain boundary grows faster 

at the expense of the surrounding α’, giving rise to the 

discontinuous peculiar microstructure observed in the #TT 
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sample. Furthermore, due to vanadium incorporation, the lattice 

parameter of the β-Ti cubic phase increases, as evidenced by ND 

analysis. 

 

Conclusions  
 

Phase transformations induced by heat treatments in a Ti–6Al–

4V alloy were investigated by neutron diffraction (ND), X-ray 

diffraction (XRD), scanning transmission electron microscopy 

(STEM), and energy-dispersive microanalysis (EDS). The alloy, 

specifically developed for biomedical applications, was produced 

by laser powder bed fusion (LPBF), following the material 

processing used in the production of commercial devices 

employed in dentistry.  

 

Neutron diffraction (ND) is not commonly used in this kind of 

study and, to our best knowledge, this is the first time that ND 

has been employed to investigate the alloy microstructure to 

follow phase evolution during thermal treatments. 

 

The main results obtained can be summarized as follows: 

 The raw powder is composed of single-phase α-Ti; 

 The as-produced sample (#AP) is formed of highly defective 

α’-Ti martensite with retained β-Ti phase (evidenced only 

by ND); 

 The thermally treated sample (#TT) has more regularly 

shaped grains, with defects density sensibly reduced and 

elongated β-Ti phase at the grain boundaries; 

 The β-Ti phase accumulates high quantity of V (up to 25 

wt.%) during annealing due to element diffusion and 

partitioning; 

 Increase of V content is always accompanied by an increase 

of Fe. 

 

Element diffusion and partitioning are the main mechanisms in 

the α ↔ β transformation that influence lattice expansion during 

heating as well as final shape and size of phases. 
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The retained β-Ti phase plays a key role in the kinetics of the α’ 

→ β transformation during heating, thus justifying the peculiar 

microstructure observed in the thermally treated sample. 
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Abstract  
 

In this study, the welding process of 304 stainless steel/Q345R 

low alloy steel composite plate is modeled by experimental and 

finite element methods to study the complex thermomechanical 

behavior. The residual stress and microstructure evolution of 

composite plate in the welding process are also investigated. The 

welding thermal cycle curve and residual stress distribution at 

the joint are obtained by using thermocouple and blind-hole 

methods. The optical microscopy, scanning electron microscopy 

and energy-dispersive X-ray spectroscopy were used to 

investigate the evolution of microstructure, morphology and 

element diffusion of the joint. The results show that the 

maximum Von Mises welding residual stress is 312 MPa, which 

located in the bottom of the start point of the weld zone. The 

residual stress gradually decreases and tends to be stable along 

the direction from the weld to the base metal. In addition, a 

residual stress discontinuity is found at the interface between the 

bimetal. It is also found that the closer it is to the weld, the more 

uniform austenite distribution and the smaller grain sizes are. 

 

Keywords  
 

Composite Plate; Thermomechanical Behavior; Microstructure; 

Finite Element Analysis; Welding Residual Stress; Element 

Diffusion 

 

Introduction  
 

Austenitic stainless steel (SS)/low alloy steel composite plate has 

been widely used in petroleum and chemical industries due to its 

good weldability and formability. The 304 SS/Q345R composite 
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plate is composed of Q345R low alloy steel as the base material, 

and 304 SS is laminated on the surface by using explosive 

welding [1]. It not only has good welding performance and high 

strength coming from the low alloy steel, but also has the 

excellent characteristics of corrosion resistance, wear resistance 

and high thermal conductivity coming from the stainless steel 

[2]. However, there are many problems, which related to the 

thermomechanical behavior, are not completely understood and 

unsolved in the welding and repairing welding of the composite 

plate due to the complex structure of the bimetal composite. So 

far, many studies on numerical simulation of welding process 

have been conducted. Deng et al. [3] developed a thermo-elastic-

plastic finite element method to calculate the residual stress and 

welding deformation of 304 SS butt joint with 10 mm thick in 

various groove forms. Also, many studies have proved that using 

finite element method to analyze the mechanical behavior of the 

welding was reliable. Jiang et al. [4,5] evaluated the residual 

stress distribution through thickness in the welding process of 

304 SS composite plate by using neutron diffraction and finite 

element analysis (FEA). Ding et al. [6] studied the mechanical 

properties of the weld joint of 304 SS/Q345R composite plate 

and found that the hardness of the clad layer increased 

significantly in the welding heat affected zone (HAZ) and 

decreased significantly in the weld zone. The hardness of the 

base layer increased slightly in the HAZ. However, due to the 

complex structure of the bimetal composite plate, the 

relationship between the thermomechanical behavior and the 

microstructure evolution during the welding process and the 

distribution of the thermal stress and the post-weld residual 

stress are still not clear. Besides, very few studies have been 

reported on the repairing welding of the composite plate. 

Therefore, the study on the evolution of residual stress and 

microstructure in the welding and repairing welding of a 

composite plate weld joint is necessary. It is also important to 

investigate the element diffusion of the interface of the bimetal 

joint. Since in the welding process of the composite plate which 

is composed of austenitic stainless steel and low alloy steel, the 

compounds and content of elements in the welding zone and the 

adjacent HAZ are very different. In the literature [7], SA 508 and 

316L SS are welded with ERNiCr-7 filler rod by tungsten inert 
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gas (TIG) welding, and it was found that dendritic structure and 

compounds of TiC, TiN and Al2MgO4, were generated in the 

welding seam. While when 304 SS and SA 553 are welded by 

high-energy laser, a few of ferrites are found to be generated 

near the fusion zone of 304 SS, and M23C6 carbides were found 

in grain boundaries and a small amount of bilayer-structure 

inclusions were also found in the grain [8]. 

 

In this study, a 304 SS/Q345R composite plate weld joint was 

prepared, and a groove was trenched and repaired by several 

weldings. The evolution of the microstructure and residual stress 

distribution of the composite weld join were studied by the 

experimental and numerical methods based on the thermos-

elastic-plastic theory. The Schaeffer phase diagram [9] was used 

to predict the phase composition of the welding joint. The 

influence of the welding temperature field evolution on the 

microstructure and thermomechanical properties of the welding 

joint was discussed. This study aims to provide a combined 

experimental and numerical method for the welding and 

repairing welding process design and optimization of SS/low 

alloy steel composite plates. 

 

Experimental Procedure  
Materials and Welding Process  
 

Figure 1 (a) shows the diagram of the 304 SS/Q345R composite 

plate with a groove for welding and a trenched layer for 

repairing welding. N, T and L present the directions of Normal, 

Transverse and Longitudinal, respectively. In order to study the 

complex thermomechanical behaviors of the repairing welding 

of the composite plate and the influence of base welding on the 

groove, the composite layer was trenched. The two pieces of 304 

SS/Q345R composite plates were welded together firstly and 

then the trenched layer was filled by several repair welding. The 

sequence of welding and repair welding is shown in Figure 1 (b). 

The dimension of each composite plate is 200 × 100 × 8 mm. 

The base metal is Q345R with a thickness of 6 mm. The clad 

metal is 304 SS with a thickness of 2 mm. The trenched layer is 

an inclined welding bead with a width of 40 mm and is shaved 

off at the composite layer as Figure 1 (a) shown. Their chemical 
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compositions are listed in Table 1. Er50-6, J507 and 302 filler 

materials are selected as welding rod in the experiment, their 

chemical compositions are listed in Table 2. Figure 1 (b) also 

shows the shape of V groove in the base metals with an angle of 

60 degrees. 

 

 
Figure 1: Schematic of 304 SS/Q345R composite plate (a), and the cross 

section of welded joint of composite plate (b), P1, P2 and P3 are the residual 

stress measurement paths. 
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Table 1: The chemical composition of 304 SS and Q345R low alloy steel (wt.%). 

 

 

 

 
Table 2: The chemical composition of the filler rods (wt.%). 

 

 C Mn Si S P Ni Cr Mo Cu Fe 

ER50-6 0.105 0.163 0.975 0.013 0.015 0.016 - 0.06 - Balance 

J507 0.12 1.60 0.75 0.035 0.040 0.30 0.20 0.30 - Balance 

302 SS 0.064 0.80 0.70 0.010 0.030 12.50 24.00 0.40 0.20 Balance 

 

 

 

Table 3: Technological parameters of the welding process. 

 
Welding 

sequence 

Current 

(A) 

Voltage 

(V) 

Welding 

time (s) 

Cooling time (s) Filler rod type Filler rod diameter 

(mm) 

1 122 20 125 154 J507 3.2 

2 122 20 64 57 J507 3.2 

3 122 20 32 ~0 302 SS 3.2 

4 122 20 35 ~0 302 SS 3.2 

5 122 20 33 ~0 302 SS 3.2 

6 122 20 35 ~0 302 SS 3.2 

7 122 20 35 ~0 302 SS 3.2 

8 122 20 50 Cool to room temperature 302 SS 3.2 

 

 

 C Si Mn P S Ni Cr Fe 

304 SS 0.07 0.345 1.091 ≤0.045 0.036 8.215 18.09 Balance 

Q345R 0.2 0.247 0.604 ≤0.025 0.04 0.061 0.052 Balance 
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Table 3 shows detailed welding parameters. In order to ensure the 

mechanical properties and the corrosion resistance of the weld 

joint [10], the base metal is welded twice in sequence and the clad 

layer was welded for six times. The base layer of low alloy steel is 

welded in the order of 1 and 2, and the upper SS layers are welded 

in the order of 3, 4, 5, 6, 7 and 8, as shown in Figure 1 (b). Q345R 

base layer and 304 SS clad layer groove were all welded and repair 

welded by manual arc welding (MAW). In the MAW, a direct 

current (DC) positive electrode connection was adopted to protect 

the welding seam and improve welding performance. After 

welding, the strength and hardness of the composite plate have 

been improved, but the ductility has been reduced. Therefore, it is 

generally required to eliminate the residual stress of the composite 

plate through heat treatment or ultrasonic vibration method. The 

welding voltage, current and linear velocity are mainly controlled 

in the welding process. In the composite welding, a welding 

procedure with filler rods of small diameter, small current, multi-

pass welding and shallow depth of the fusion, was adopted to 

effectively control element dilution between dissimilar metals [11]. 

 

Measurement of Welding Heat Cycle Curve  
 

Figure 2 (a) shows the specific temperature collection points, 

which are measured by three thermocouples attached to the plate 

as shown in Figure 2 (b). The HPDJ-8125 dynamic data 

acquisition and analysis system was used to collect the transient 

temperatures during the welding process. The whole welding 

process was carried out according to the proposed welding 

procedure as shown in Table 3, and the corresponding data of 

temperature evolution was collected. Thus, the welding heat cycle 

curve of the collection points could be obtained. 
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Figure 2: Schematic of the points a, b, c for measuring welding heat cycle 

curve (a), and illustration of thermocouple installation (b). 

 

Residual Stress Measurement by Blind-Hole Method  
 

Figure 3 shows the schematic of residual stress measurement 

points d, e, f. The blind-hole method was adopted to measure the 

residual stress distribution in HAZ. The HT21B portable digital 

residual stress detector is used to obtain the residual stresses at d, 

e, f points. Firstly, abrasive paper was used to polish the test area 

until the surface is smooth; Secondly, alcohol soaked cotton balls 

were used to clean the surface to keep it free of oil and impurities; 

Thirdly, strain gauges were fixed to the test points of the 

composite plate with glue; Finally, several blind-holes with the 

dimension of diameter 2 mm and depth 1.5-2 mm, were drilled at 

the measurement points. The values of residual stresses were 

recorded after the hole was finished. 
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Figure 3: Illustration of residual stress measurement points d, e, f. 

 

Microstructure Characterization  
 

After welding and residual stress measurement, the sample is 

machined by electron discharge machining (EDM) method from 

the weld joint, with the dimension of length, width and thickness 

of 10 mm × 10 mm × 8 mm, respectively. Figure 4 shows the 

specimen sampling positions in the composite layer. The 

microstructures of the three samples (g, h, i) are observed 

respectively. Aqua regia is prepared as an etchant by adding three 

parts hydrochloric acid (37 wt.% HCl) to one part nitric acid (67 

wt.% HNO3) to display the microstructure of the weld joint of the 

base layer and the clad layer [12]. An optical microscope is used to 

observe the microstructure of the specimens sampled. Energy-

dispersive X-ray spectroscopy (EDS) is used to analyze the change 

in the elemental composition of the spots near the fusion area. 
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Figure 4: Schematic of specimens g, h, i, j, k, l and m sampled from the 

composite plate for microstructure characterization, red short lines and red 

rectangles represent the surface prepared for microstructure characterization. 

 

Finite Element Modeling  
 

Figure 5 shows the thermophysical properties of 304 SS and 

Q345R. The heat source of the double ellipsoid [13] is adopted in 

the heat source modeling of the finite element analysis. The 

volumetric heat source of the double ellipsoid model moving on 

the plate is divided into anterior hemisphere and posterior 

hemisphere . Analytical heat source expression of the anterior 

hemisphere qa and the posterior hemisphere qp are as follows: 
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where a and b are the semiaxes of the ellipsoid y and z 

directions, cf  and cb are the semiaxes of the front and rear 

ellipsoids in the x direction, ff and fb are the energy distribution 

coefficients in the front and the rear parts, respectively and satisfy 

the equation of 2 bf ff . Q is the power of welding heat input. 

The movement of the heat source is controlled by changes in 

welding speed and welding time. 

 

 
 (a) 

 
 (b) 

Figure 5: Thermophysical properties of 304 SS (a) and Q345R low alloy 

steel (b) used in finite element model. 
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In the welding temperature distribution, all the outer surfaces of 

the welding plates are selected as convective heat exchange 

surfaces, and the initial temperature is set to room temperature 

(RT) 20 °C before welding. Thermal radiation and thermal 

convection are the main ways of heat exchange between welding 

and environment. In the modeling, the emissivity is 0.85, the 

Stefan-Boltzmann constant is 5.67 W/(m
2
·K

4
), and the convective 

heat transfer coefficient is 10 W/(m
2
·K). The body heat flux acting 

on the weld is set as 1. In the simulation of welding residual stress 

distribution, the displacement of the bottom surface in the L and T 

directions is constrained to avoid rigid movement. 

 

As shown in Figure 6, the three-dimensional finite element 

geometry model is mainly divided into two parts: low alloy steel 

base layer and SS clad layer. The base layer and the clad layer are 

bonded together. In total, 20763 nodes and 46892 elements have 

been meshed, and the element type of the model is created by a 

combination of C3D4 with C3D8R elements. The C3D4 is a 

general purpose tetrahedral element with one integration point and 

the C3D8R element is a general purpose linear brick element, with 

reduced integration (one integration point). In the process of mesh 

generating, the mesh size at the weld is refined, and the relative 

larger size mesh is applied in the base metal layer. Between these 

two mesh zones, a transition mesh zone is applied in the HAZ to 

link them. 
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Figure 6: Finite element model and meshing, top view (a), and cross section (b). 
 

Results and Discussion  
Effects of Temperature Distribution and Evolution  
 

In order to study the temperature variation of the composite plate 

during welding in FEA, three nodes were selected to observe the 

thermal cycle curve, which presents temperature change with time. 

The three nodes are located at the center of the third welded clad 

layer, the center of the fifth weld clad layer, and the center of the 

seventh weld clad layer. In general, all of the selected nodes are 

located at the center of the welded clad layers. Figure 7 shows the 

thermal cycle curve of each node. It can be seen from Figure 7 that 

the temperature rises sharply when the heat source passes the node. 

After the heat source passes, with the distance between the heat 

source and the selected node increasing, and the temperature 

decreases with time. Until another weld bead begins to weld, the 

temperature increases again. During the welding process, the 

influence of the heat source on the selected node will gradually 
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decrease with the increase of the distance between the welding 

joint and the measured point, and the maximum value of each 

curve will decrease successively with time. The maximum 

temperature in the welding is around 2140 °C in the third welding 

process. 

 

 
 
Figure 7: Welding heat cycle curves obtained from FEA. 

 

To verify the accuracy of simulation of welding temperature 

distribution, corresponding three points (a, b and c, refer to Figure 

3) in the welded composite plate were selected for experimental 

measurement by thermocouple method. The comparison of FEA 

and experimental results are shown in Figure 8. Through 

comparing the results from experiment and simulation, it can be 

seen that the FEA results are in good agreement with the 

experimental ones, which verifies the validity and accuracy of the 

model developed and provides an effective method for evaluating 

the distributions of residual stress and thermal stress in the welding 

of the composite plate. 
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(a) 

 
(b) 
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(c) 

 
Figure 8: Comparison of the thermal cycle curves obtained from experiment and 

simulation at different points, d (a), e (b) and f (c), for the specific positions of d, 

e, f points, refer to Figure 3. 
 

Residual Stress Distribution  
 

Figure 9 shows the Von Mises residual stress distribution of the 

weld joint. As can be seen from Figure 9, the larger residual stress 

of composite plates is distributed in the weld zone, and the 

maximum residual stress of the base metal reaches up to 312 MPa, 

which is higher than the maximum residual stress of 262 MPa in 

the clad metal layer. In addition, the maximum residual stress is 

mainly distributed at the starting and ending spots of the fusion 

line. Due to the difference in physical properties between the 304 

SS and Q345R low alloy steel, the microstructure and mechanical 

properties are varied because of the occurrence of carbon 

migration near the fusion line. There is a stress discontinuity 

observed at the junction of the two materials. 
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Figure 9: Von Mises residual stress distribution of the weld joint, which presents 

a half of the symmetrical weld joint. 

 

The residual stress components in L, T and N direction are defined 

as the stresses in S11, S33 and S22 directions in FEA results, 

respectively. Figure 10 shows a transverse and longitudinal 

residual stress distribution of the composite plate. It can be seen 

from Figure 10 (a) that the transverse stress of the composite plate 

is characterized by the simultaneous presence of tensile and 

compressive stresses. The most stress components in S11 direction 

distributed on the clad layer are tensile, and the maximum is 317 

MPa. Figure 10 (b) shows that the stress components in S33 

direction distributed along with the fusion line are mainly tensile 

and the stress components which are far from the fusion line are 

compressive. The reason might be that during the heating process, 
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the expansion of the weld causes extrusion on the starting and 

ending spots of the weld joint of base metal. The maximum stress 

component in S33 is 362 MPa in tension. 

 

 
 
Figure 10: (a) Distributions of transverse stress component (S11), and (b) 

longitudinal stress component (S33) of the composite plate welding joint. 

 

To find the relationship between the residual stress and the 

distance to the center of fusion line in the welding process of the 

composite plate, three paths (P1, P2 and P3) are selected as shown 

in Figure 1 (b) for further analysis, the transverse stress S11, the 

normal stress S22 and the longitudinal stress S33 are analyzed, 

respectively. Figure 11 (a) shows the distribution of residual stress 

of the clad metal in the path P1. It can be seen that the maximum 

residual stress is distributed in the weld zone. The fluctuation of 

the residual stress occurs at the junction connecting fusion zone 

and HAZ. Since the clad layer needs to be welded for six times, 

the weld is expanded from heating to cooling and contracted in 

each welding process. The form of residual stress alternates 
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between tensile stress and compressive stress. In the clad layer, the 

transverse stress has large tensile stress with a maximum value of 

276 MPa. The longitudinal stress is tensile stress with a maximum 

value of 283 MPa. The clad metal layer is manufactured by 

explosion welding and residual stress is generated in the composite 

plate. The residual stress is mainly distributed in the weld zone and 

HAZ. In the transition region from HAZ to matrix metal, the 

residual stress tends to be stable gradually. 

 

 
 

(a) 

 
 

(b) 
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Figure 11: Residual Stresses distributions at different paths on the cross section 

of the composite welding joint: along P1 path (a), P2 path (b) and P3 path (c), for 

the specific positions of the paths, refer to Figure 1. 
 

As shown in Figure 11 (b), along the P2 path, the stress in the weld 

zone gradually changes from tensile to compressive, and the 

magnitude of the stress gradually increases in the HAZ. The stress 

gradually decreases and tends to be stable after reaching the base 

metal zone. Since the clad layer weld is thermally expanded, a 

bending effect is generated on the base layer during the welding 

process and the bending is mainly caused by stress in S11 

direction. However, the lower surface of base metal has a 

relatively lower temperature, which hinders the expansion of the 

upper surface. The stress in S11 compresses the center of the weld 

joint in base metal to form compressive stresses. The stress along 

the thickness is mainly manifested as tensile stress in the weld 

zone and HAZ. During the repair welding on the clad metal layer, 

the expansion caused by heat will press both sides of the base 

metal in the thickness direction. 

 

Figure 11 (c) shows the residual stress distribution along the path 

P3. The stress distribution along the thickness direction is uneven. 

During the transition from the clad layer to the base metal layer, 

the stress gradually decreases. However, at the junction of the first 
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and the second weld of the base metal layer, the stress starts to 

increase gradually from a specific point, which is 5 mm away from 

the starting point of the path P3. The FEA results extracted from 

corresponding points as illustrated in Figure 3 are compared with 

the results obtained by blind-hole method to verify the validity of 

the numerical model. The comparison of residual stresses obtained 

from FEA and experiment is shown in Table 4. Table 4 shows that 

the relative errors of transverse stress at point e and longitudinal 

stress at point f are relatively larger, they are 14% and 18% 

respectively. The other relative errors are all within 18.00%. 

Pearson correlation coefficient is also used to verify the validity 

and accuracy of the numerical model. The Pearson correlation 

coefficient, which was developed by Karl Pearson [14], is a 

measure of the linear correlation between two variables X and Y. 

According to the Cauchy–Schwarz inequality it has a value 

between +1 and −1, where 1 is total positive linear correlation, 0 is 

no linear correlation, and −1 is total negative linear correlation. 

The equation of Pearson correlation coefficient is as follows. 

 

( , )
2 2 2 2

(( )( ))cov( , ) ( ) ( ) ( )

( ) ( ) ( ) ( )

X Y
X Y

X Y X Y

E X YX Y E XY E X E Y

E X E X E Y E Y

 


   

  
  

       (3)   

 

where E is expectation and cov is the covariance, X  and Y  

is the standard deviation of X and Y, X  and Y  is the mean of X 

and Y. Take three transverse residual stress components obtained 

from experiment and FEA into the Eq. (3) as X1, Y1 represented, X1 

<193.90, -19.54, 44.89>, Y1 <180.41, -30.01, 48.06>. Also, take 

the longitudinal residual stress components in the Eq. (3). X2, Y2 

are the stress components obtained from experiment and FEA, 

respectively. X2<147.77, -170.52, 3.43>, Y2 <121.17, -140.32, 

15.61>. Substitute X1, Y1, X2, Y2 into the Eq. (3) and results are 

 1 1S11 X ,Y
=0.99706 , and  2 2S33 X ,Y

=0.99838 .The above results 

are close to 1, indicating that the FEA results have a good linear 

correlation with the experimental ones. Therefore, it can be 

concluded that the results obtained from simulation and 

experiment are in good agreement, which proves that the finite 

element model in this study is able to accurately predict the 

welding residual stress distribution of the composite plate weld 

joint. 
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Table 4: The comparison of residual stresses obtained from FEA and 

experiment. 

 
 Stress component Experimental 

(MPa) 

FEA (MPa) Relative 

error (%) 

Point d Transverse stress 193.90 180.41 7 

Longitudinal stress 147.77 121.17 18 

Point e Transverse stress -19.54 -22.33 14 

Longitudinal stress -170.52 -161.47 5 

Point f Transverse stress 44.89 48.06 7 

Longitudinal stress 3.43 4.05 18 

 

Microstructure Characterization and Evolution  
 

The microstructures of the composite layers are shown in Figure 

12 (a), (b) and (c), corresponding to points g, h, i as shown in 

Figure 4, respectively. The mean grain size of austenite in Fig 12 

(a), (b), (c) were 31.8 μm, 36.4 μm and 40.2 μm, respectively by 

means of intercept method [15]. The grain sizes increased 

successively. Austenitic grains in Figure 12 (a) are uniform and 

small in size. Compared with Figure 12 (a), the austenitic grains in 

Figure 12 (b) are relatively larger in size, while austenitic grains in 

Figure 12 (c) are much larger. Since the sampling position in 

Figure 12 (a) is close to the weld joint, it must be greatly affected 

by the welding heat. The austenitic grain is finer and more 

uniform. The sampling position in Figure 12 (c) is far from the 

welded joint and relatively less affected by the welding heat. In the 

process of base layer welding, the heat will affect the 

microstructure of the weld groove. 
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Figure 12: Microstructures of specimens sampled at points g (a), h (b) and i (c) 

(referring to Figure4) in the weld joint of the composite plate. 
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Figure 13 shows the microstructures of the interfaces of the 

explosive weld of 304 SS/Q345R, and interfaces of repair welding 

and clad layer metal, marked as j, k, l and m points as shown in 

Figure 4. The interfacial weld between the clad layer and the base 

layer is wavy [16, 17]. Figure 13 (a) shows the microstructures of 

the joint of two interfaces, including the interface of explosive 

weld of 304 SS/Q345R and interface of repair welding and clad 

layer metal. There is a fusion zone at the interface between the 304 

SS and Q345R layers. The microstructure of the interface is shown 

in Figure 13 (a). The grains in the fusion zone and at both side of 

the fusion zone are all austenite, but the austenite grain of the 

fusion zone is finer. Below the wavy boundary is the 

microstructure of Q345R base layer, which is mainly composed of 

ferrite and pearlite. Figure 13 (b) shows the microstructure of the 

repair welding in clad metal. It can be seen that black vermicular 

ferrite distributed in the austenite matrix [18]. The mechanism of 

the microstructure formation may be that during the solidification 

of the weld, the presence of δ ferrite hinders the growth of 

columnar austenite grains. Due to the large heat input in the 

welding process of composite layer, the content of ferrite is likely 

to be high. The presence of ferrite will improve the corrosion 

resistance of the welded joints to a certain extent and prevent the 

occurrence of hot cracks in the weld. Figure 13 (c) shows the 

microstructure of interface between repair welding and clad layer. 

A fusion zone is formed between the weld and the composite layer, 

which is mainly composed of lath-like and needle-like ferrites. 

Near the fusion line, the microstructure of weld metal is columnar 

austenite grain and the grain is smaller than that in other regions. 

Usually, the austenite structure of the weld metal is attached to the 

surface of composite layer and begins to crystallize. As can be 

seen in Fig 13 (c), the inner weld forms columnar grains and the 

grains are refined. The reason may be that the outer weld melts the 

inner weld and begins to recrystallize on the surface. Due to the 

dilution effect of the composite layer, a large number of rare 

elements including Ni and Cr in the composite layer were diffused 

into the base layer [19], which reduced the content of Cr and Ni in 

the composite layer. As a result, the microstructure and 

composition of the welding seam and transition zone are 

significantly different, forming a relatively obvious boundary line. 

Figure 13 (d) shows the microstructure of the welding seam and 
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base metal of 304 SS. The austenite mainly presents a stripped 

shape. Since there is no significant difference between the 

composition and structure of the welding seam and the transition 

area, no obvious dividing line is observed between the welding 

seam and the transition zone. 
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Figure 13: Microstructures of specimens sampled at points of j (a), k (b), m (c) 

and l (d) in the weld joint, for the specific positions of the points, refer to Figure 

4. 
 

The Schaeffler diagram, as shown in Figure 14, can be used to 

predict the proportion and phase composition of the weld 

microstructure. The axes of x, y in the coordinate of the diagram 

represent chromium (Cr) equivalent and nickel (Ni) equivalent, 

respectively. Schaeffler diagram is an important tool to predict Cr-

Ni austenite, austenite-ferrite or austenite-martensite weld. Table 5 

shows the Cr equivalent and Ni equivalent values of the bimetal 

and the filler rods. In the Schaeffler diagram, j and k points, 

corresponding to Q345R and 304 SS, present the equivalent values 

of Ni and Cr of the bimetals. While the filler rods of ER50-6, J507 

and 302 SS correspond to l, m and n points respectively. It can be 

seen that both filler materials of 302 SS and plate 304 SS fall in the 

two-phase zone of austenite and ferrite. The Ni and Cr equivalent 
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of 302 SS is relatively higher, of which phase composition points 

fall in the zone with 5-10% ferrite content [20]. The Ni and Cr 

equivalent of 304 SS is relatively smaller, of which phase 

composition points fall in the zone with 10-20% ferrite content. 

The amount of Ni and Cr in the composite layer is small, of which 

ferrite content is about 5% and the phase components fall at the 

edges of the austenite and ferrite three-phase regions. Studies have 

shown that a certain amount of ferrite can promote the formation 

of an ideal ferrite/austenite interface, and the presence of 5% to 

10% of ferrite can effectively improve the hot crack resistance and 

resistance to intergranular corrosion of composite welded joints 

[21]. Due to the high hardness of ferrite, the proper amount of 

ferrite has a positive effect on improving mechanical properties of 

the composite plates. Since ferrite will form σ, which is a brittle 

and hard phase at high temperatures, and the σ phase will reduce 

the corrosion resistance and strength properties of the composite 

plate. Thus the ferrite content cannot be too high for the 

components, which in a long-term high temperature operating 

environment. 

 
Table 5: The equivalent quantities of Cr and Ni in the bimetal and the filler 

rods (wt.%). 

 
 304 SS Q345R ER50-6 J507 302 SS 

Creq 18.6 0.4 1.5 1.2 22.3 

Nieq 10.9 6.1 3.2 2.8 14.8 

Creq/Nieq 1.7 0.1 0.5 0.4 1.5 
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Figure 14: Schaeffler diagram. 

 

The line scans of EDS on the weld joints of the 304 SS/Q345R 

composite plate are carried out to analyze the migration and 

diffusion of elements between the base metal and the weld zone. 

Figure 15 shows the four scanning paths, which are Scan 1, 2, 3, 

and 4, respectively. Intensity (or counts) is the number of 

photoelectrons measured, and its signal strength can reflect the 

changing trend of element content qualitatively. It can be seen 

from Figure 16 (a) that the signal intensities of elements of Ni, Cr, 

Fe and Mn have a sudden change at the interface between the base 

metal and clad layers due to the different chemical compositions of 

304 SS and Q345R low alloy steel. In addition, the sudden change 

in chemical composition is also due to the fact that the explosive 

welding is completed in an instant, without excessive heat 

affecting the further diffusion of the elements. Scan 2 was crossing 

the interface of the repair welding and clad layer, as shown in 

Fig16 (b). A slight decrease was observed in the elements of Cr, Ni 

Fe and Mn along the scan path, because there are only slight 

differences between the chemical compositions of 304 SS and 304 

SS. Figure 16 (c) shows the interface between 302 SS filler 

material and base metal, compared with the result in Figure16 (a), 

there is no obvious change along the path, the reason is mainly due 
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to significant element diffusion caused by the welding heat from 

the several repair weldings. Figure16 (d) shows the results of scan 

4 crossing the interface between the base metal layer and the 

second welding for the base layer. From the start point to the end 

of the scan 4 path. The elements of Cr and Ni remains unchanged 

along the scan path, while the elements of Fe and Mn tend to 

reduce a little due to the differences for the two elements in Q345R 

and filler material J507. 

 

 
 
Figure 15: Positions of EDS line-scans performed on the cross section of the 

composite plate weld joint. 
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Figure 16: The element intensities of Cr, Ni, Fe and Mn along the line-scan paths 

Scan 1(a), Scan 2(b), Scan 3(c) and Scan 4 (d). 
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Conclusions  
 

In this study, the 304 SS/Q345R composite plate welding and 

repairing welding joint were prepared. The thermomechanical 

behaviors, including residual stress distribution and thermal cycle 

curves, were studied based on the thermos-elastic-plastic theory by 

the means of experimental and numerical methods. The evolution 

of the microstructure and the residual stress distributions of the 

composite weld joint were also investigated. The influence of the 

welding temperature evolution on the microstructure and 

mechanical properties of the welding joint were investigated. The 

main conclusions can be drawn as follows. 

 

 

 During the welding process, the influence of the heat source on 

the measured point will gradually decrease with the increase of 

the distance between the welding joint and the measured point, 

and the maximum temperature is 2140  C in the third welding 

process.. FEA results are in good agreement with the 

experimental ones, which verifies the validity and accuracy of 

the model developed and provides a practical method for 

evaluating the distributions of temperature and residual stress. 

 The FEA results show that the maximum transverse tensile 

stress of the joint is mainly distributed near the fusion line. The 

maximum longitudinal tensile stress appears in the weld zone 

and the HAZ, and its value is 283 MPa. During the transition 

from weld and HAZ to base metal zone, the stress gradually 

decreases from the maximum 312 MPa to 0 and tends to be 

stable. During the welding process, the residual stress 

produces bending deformation to the base plate due to the 

repeated welding. The simulation results of transverse stress 

and longitudinal stress are in good agreement with the results 

obtained by blind-hole method, which proves that the finite 

element model developed in this study can accurately predict 

the residual stress distribution of the weld joint of composite 

plates. 

 The microstructure of the 304 SS/Q345R composite plate 

welded joint is mainly composed of austenite and ferrite. The 

ferrite near the fusion line forms a transition region in the 

shape of a strip, while the austenite near the weld line is 
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mainly composed of columnar grains. The mean grain size is 

smaller than those in the base metal. 

 A phenomenon of residual stress discontinuities are observed 

at the weld interface, which is worth of further study. 
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Abstract 

 
Fullerene-like structure hydrogenated carbon films, one of the 

solid lubricants that can realize macroscopic superlubricity, can 

be used in engine parts for fuel economy, like common rail, 

valve tappet. Usually, superlubricity refers to slide friction 

coefficient of about 0.001 range or below, which can sufficiently 

help reducing friction and wear lost, i.e. mechanical systems 

with utilizing of superlubricity performance are imperative to 

save energy and to reduce hazardous waste emissions into 

environment. Hitherto, superlubricity has been captured in 

experiments performed using the graphene, molybdenum 

disulphide (MoS2), and hydrogenated carbon films, etc. 

However, superlubricity phenomenon may diminish under 

engineering scale of these structures. In order to overcome the 

drawback, designing and drawing the formation of graphene 

nanoscrolls at friction interfaces between fullerene-like carbon 

films and counterparts can achieve superlubricity at open 

atmosphere. Therefore, this chapter take fullerene-like carbon 

films, which hold superlubricity properties, as the object of 

discussion. In a word, the chapter are mainly describing film 

growth methods as well as growth mechanism, depicting the 

factors influencing on film structure and exhibiting the friction 

and wear properties. At last, some of industrial application 

examples are exhibited, and the potential challenge for future 

works are proposed in a short summary. 

 

Introduction 

 
Friction is a universal phenomenon which exists from atomic 

scale to cosmic scale, such as walking, earthquake, typhoon, and 

even galaxy collisions. For the adverse results caused by friction, 
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there has been significant effort to reduce the friction through 

improved lubricants, engineered surfaces, optimized mechanical 

systems and so on [1-2]. Generally, the effectiveness of 

improving friction performance is evaluated by the friction 

coefficient values. T. Spalvins firstly classified the scope of 

friction coefficient into ultralow friction (0.01-0.04) and 

superlow friction (<0.01) [3]. In present, considering the users 

habit, it is classified into low friction (~0.1), ultra-low friction 

(~0.01) and super-low friction (~0.001). The most interesting 

phenomenon is super-low friction, also named superlow-, 

superlubric-, superlubricious- as well as superlibricant- friction, 

but bearing a proud name of “superlubricity” [4-7]. 

Superlubricity, a most beautiful word on tribologists’ lips, has 

been defined by Hirano and Shinjo [8,9]. However, 

superlubricity refers to slide friction coefficient about ～0.001 

range or below, which can help reducing the friction and wear 

lost. In a word, developing superlubricity technology can not 

only save energy but also reduce hazardous waste emissions into 

environment [2].  

 

In the past decades, many efforts were attributed to build 

superlubricious system and revealed the nature of superlubricity 

mechanism [10-14]. The most discussed materials with 

superlubric properties are carbon-based ones, like graphene, 

graphite, carbon nanotube, hydrogenated diamond-like carbon 

(DLC) films, nanodiamond films and fullerene-like 

hydrogenated carbon (FL-C:H) films [11,12,14-21]. Graphene, 

graphite, carbon nanotubes always show their superlubricity 

performance under nanoscale, which are fitting for Micro-

Electro Mechanical System (MEMS), but may fail in industrial 

application due to the limit of bearing capacity. In addition, 

graphite can preserve superlubricity at microscale in open 

atmosphere, but disappear completely above a contact area of 

4×108 nm
2
 [19]. Although size limited effects on graphene have 

not been reported, how growth large-size of graphene is still a 

problem for industrial application [20]. 

 

Thus, to design and prepare superlubricious films could be a 

challenge. The exciting work of carbon-based films which is 

fitting industrial use has been reported by Erdemir et al. and 
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hydrogenated diamond-like films (H-DLC) films showed 

superlubricity properties in hydrogen or nitrogen atmosphere at 

macroscale [22-24]. However, the hydrogenated DLC films 

couldn’t work in open atmosphere, and it is still a foot away for 

wide industrial use in open atmosphere, unless under particular 

conditions [24]. The exact breakthrough of superlubricity in 

open atmosphere condition was made by introducing graphene 

nanoscroll between interfaces in situ or out situ [25,26]. From 

the view of application, FL-C:H films have prominent 

advantages which can show superlubricity under open 

atmosphere conditions (with a lowest coefficient at 0.002) 

[25,26]. 

 

As early as 1995, fullerene-like nitride films (FL-CNx) were first 

prepared by Sjӧstrӧm et al. [27]. A 30% nitrogen content is 

beneficial to the formation of onion-like structures, because the 

incorporation of nitrogen can promote the reduction of the 

potential barrier [28]. Afterwards, many methods (such as metal 

or non-metal doping, and adding nanostructures) have been 

applied to enhance the mechanical properties of H-DLC, and FL-

C:H films have been obtained by adding fullerene-like 

nanostructures [29-36]. The first report of growth of FL-C:H 

films appeared in 2007 [37], and the first work about 

superlubricity of the film could be found in Ref. [12]. Due to the 

curvature structure of FL-C:H films, it extends the strength of 

graphite plane hexagon into three dimension space network, in 

turn, not only increasing the hardness and elasticity of carbon 

films, but also helping formation of graphene nanoscroll between 

interfaces. Thus, FL-C:H films can realize super low friction in 

air, meaning solid superlubricity owns engineering application 

value [26,28,37,38]. 

 

Growth Methods and Mechanisms 

 

Here, two diagrams are depicted in Figure 1 to help understand 

the growth process of FL-C:H films. The first report of growth of 

FL-C:H films were using plasma enhanced chemical vapor 

deposition (PECVD) (Figure 1a). Seen from Figure 1a, a plate is 

grounded as an anode and the opposite plate connected with a 

power supply (which can be direct or pulsed current or 
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radiofrequency power supply). Besides, reactive magnetron 

sputtering (R-MS) can also be utilized to grow FL-C:H films 

[39,40]. Different from PECVD, there is a magnetron gun 

powered by a power supply, and substrate is powered by another 

one (Figure 1b). Compared comprehensively, R-MS can supply 

both third elements and extra power. Other methods to deposited 

FL-C:H films can be found in Ref. [41].  

 
Figure 1: Growth methods for FL-C:H films: (a) plasma enhanced chemical 

vapour deposition and (b) reactive magnetron sputtering. 

 

No matter what kind of methods, the most important factor is 

power supply to bias, that is, pulsed power supply can control 

the formation of fullerene-like structures, i.e., both the high bias 

and the pulse duty cycles (discussion later). Duty cycles 

determine the local relaxation of the distorted chemical bonds 

via turn-on/off time, which exactly control the growth process. 

Among them, the low pulse duty cycle could make the fullerene-

like films have greater curvature nanostructures and the 

formation of a five-membered ring fraction, which is conducive 

to improving the mechanics propertise of FL-C:H films [42]. 

 

According to the typical sub-plantation model suggested by 

Robertson [43], three steps during ion interaction with the film 

are addressed: the cascade (10
-14

 s), the thermal spike (10
-12

 s), 

and the longer time relaxation (10
-9

 s). The longer relaxation 

time contributes the stress releasing and hydrogen removing 

which induces to rearrange of carbon matrix. In Zhang’s work, a 

bias power supply with impulse frequency below 40 KHz was 

used and the annealing time was almost ~10
-5

 s, far than ~10
-9

 s. 

Therefore, the depositing film has a completely time restricting 

the formation of pentagonal rings which are related with the ion 
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bombardment at the pulse-on/off state (Figure 2) [42,44]. 

Besides, the R-MS methods own an extra power supply, the high 

impulse power is also necessary [39,40]. At low bias, only 

multilayer-graphene dispersed amorphous carbon (a-C) films 

was obtained, while at high bias, fullerene-like structures were 

obviously seen under high resolution transmission electron 

microscope (HRTEM) [38,45]. 

 

 
Figure 2: (a) The schematic diagram of the PECVD system. (b) Structural 

relaxation mechanism of the local distortions of the six-fold graphene rings by 

the creation of pentagonal rings in FL-C:H films. (c) Stress fields of depositing 

pulse- and dc- FL-C:H films. (Reproduced from Ref.42 with permission from 

the Royal Society of Chemistry). 

 

The Factors Influencing to Nano-Structures 

 
Generally, bias supply, atmosphere conditions and annealing 

dispose are factors that affect fullerene-like nanostructures. 

Carbon based films have versatile structures due to the bonding 

structures (sp, sp2 and sp3) were changing with the growth 

methods, which was in turn influenced by the power supply, 

atmospheres and with or without heating, etc. As mentioned 

above, both high bias as well as long pulse-off time are good for 

the unique structure formation of FL-C:H films. Thus, the high 

impulse power chemical vapour deposition (HiP-PECVD) is a 

prominent strategy for depositing FL-C:H films [21]. A typical 

HRTEM of FL-C:H films grown from HiP-PECVD is shown in 

Figure 3. One can see that curved graphene mixed in amorphous 
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matrix can hinder the slipping of grapheme by amorphous 

network. Due to the unique structure, the strength of graphite 

plane hexagon is extending into three dimension space network, 

meanwhile, FL-C:H films show the high hardness and high 

elastic recovery, thereby, endowing the films superlubricity at 

open air conditions. It is noteworthy that the fullerene-like 

structure could be adjusted via the hydrogen content, bias 

supply, deposition gas sources, and so on. 

 

 
 
Figure 3: A typical HRTEM of FL-C:H films grown from HiP-PECVD. 

 

For the purpose of formation in the fullerene-like nanostructures 

in FL-C:H films, bias supply, atmosphere conditions and 

annealing dispose are widely explored [46-49]. From bias side, 

high bias accompanying with long pulse-off time are crucial to 

the formation of curved graphene structures (proved both by 

HRTEM and Raman) for the FL-C:H films grown in PECVD 

system [21,42,44]. Similarly, R-MS owning high bias and pulse-

off time can promote the FL-C:H films preparation, but the 

difference is that the target materials have some effects on 

nanostructure of the FL-C:H films [39,40]. When metal cathodes 

are employed, one can obtain multilayer-graphene dispersed a-C 

films at low bias and FL-C:H films at high bias [39,45]. 

Interestingly, when a carbon target is introduced, a-C films 
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replaced multilayer-graphene dispersed a-C films are obtained, 

but some bilayer- and trilayer- graphene are turning out after 

annealing, which means that, both metal targets might provide 

extra graphene as well as high-energy ions helping in situ 

rearranging are effectively [50]. Carefully, Researches showed 

that graphene based structure were growing on metal target 

surface (Figure 4), which were more active than pyrolytic carbon 

target that provided graphene flakes for the nanostructure carbon 

film growth [40,45]. 

 

 
 

Figure 4: Plane-view FESEM image and the corresponding Raman spectrum 

(a), and cross-section FESEM image and the corresponding HRTEM image (b) 

of the films scratched off from Ni target. (Reproduced from Ref. 45 with 

permission from the Elesvier). 
 

Another main influence on the nanostructures of FL-C:H films is 

growth atmospheres. Heterogeneous gases introducing in growth 

process, like hydrogen (H2) and carbon tetrafluoride (CF4), have 

different effects [47-49]. It is worth note that the growth of FL-

C:H films show a conflict to Hellgren's work [51] that 

introduction of hydrogen will terminate potential bonding sites 

for CNx precursors and hinder the growth of fullerene-like 

structures. In the work of Wang et al., especially in PECVD 

process, hydrogen atoms are helpful in the manner of affecting 

the production of odd rings by two competing ways: (1) stress 

induced by H
+
 leads to the introduction of odd ring into flat 

graphene plane; (2) H
+
 ion preferentially etches the plane’s sp

2
 

phase and destroys the bond basis. However, too much H2 may 

deteriorate fullerene-like structures, so the effects of hydrogen 

need to be studied in detail [42,48]. Differently, CF4 shows 

negative effects on the nonastructures that F-terminated large 

rings, branches and chains with sp
2
 sites densify and start to 
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interact with each other and features like interlocking pore and 

amorphousness strongly prevail in the nanostructure [47,52]. 

 

Apart from power supply and atmospheres, extra heating in situ 

or out situ has great effects on the film nanostructures [50]. For 

carbon films, it is predicted that graphitization shows different 

response based on their original structures [53,54]. One can learn 

from Hellgren’s work that heating helps booster fullerene-like 

structure growth [51]. And related research held the opinion that 

rapid annealing during the friction process can transform the 

structures of carbon films to generate new fullerene-like 

structures [55]. However, in some work, heating effects were 

scarcely concerned because their goals were aimed to industrial 

use. So, the degraded metal substrates may be aroused from 

heating which could be avoided. However, annealing effects 

after deposition were examined to help to understanding the 

changed trend of nano-structure. At 300 ℃, FL-C:H films 

showed the high harness as well as high elastic recovery, 

indicating that the most value of curved graphene exiting inside 

the carbon amorphous matrix (speculated from Raman results), 

which different from a-C films (no any change was observed 

after annealing at 300 ℃ [56,57]. Beyond 300 ℃, graphitization 

can occur because the degrade of crosslinking, which in turn 

induces the lowing of hardness [56,57]. Interestingly, recent 

studies have found that FL-C:H films were annealed at 200-

500℃ under nitrogen protection, and the films had achieved 

superlubricity at different annealing temperatures. It was also 

found that thermal induction made the nanostructures more 

ordered [58]. In addition to the previously mentioned HRTEM, 

Raman spectroscopy is another effective method to obtain the 

topological structure of carbon films. FL-C:H films exhibit 

typical character of DLC films in the region of 1000~2000 cm
-1

, 

shown in Figure 5, but with some versatile bands at about 400 

and 700 cm
-1

 and a distinct shoulder at around 1230 cm
-1

. 

 

The two low intermediate wave number bands near 400 cm
-1

 and 

700 cm
-1

 are very similar to that of fullerene like carbon nitride 

(FL-CNx) films that can be attributed to relaxation of Raman 

selection rule because of the curvature in graphene planes [59]. 

The same bands can also be observed in the Raman spectra for 
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carbon onions and C60 that have been attributed to the transverse 

optic and transverse acoustic vibrations [60]. Thus, combined 

with HRTEM images, an acceptable fitting lines could be carried 

out via four Gaussian peaks at about 1230, 1350, 1470, and 1560 

cm
-1

, respectively [12,37,39,40]. Thus, all peaks at around 400, 

700, 1230 and 1480 cm
-1 

can be considered that all active from 

curled graphene flakes in FL-C:H films. 

 
 
Figure 5: Raman spectra of hydrogenated carbon film deposited by dc- pulse 

plasma CVD: (a) Raman spectrum and magnified wave number region from 0 

to 1000 cm-1 and (b) four bandsfitting of the Raman spectrum of (a) in region 

from 1000 to 2000 cm-1. 
 

Friction Performance and Superlubricity 

 
FL-C:H films have excellent mechanical properties with high 

hardness and high elastic recovery due to the existence of 

fullerene-like structures [61-64]. At the same time, fullerene-like 

structures can improve the performance of a-C: H in wet and 

inert environments. The onion-like structures largely determine 

the appearance of superlubricity and greatly improves the wear 

resistance [37,65,66]. Superlubricity was firstly reported that 

superlow friction (coefficient at 0.009) could reach under load of 

20 N. The loads effects on the friction were carefully studied in 

Ref. [67]. Liu et. al. studied the relationship between sliding 

speed and superlubricity on H-DLC films. In air, sliding speed 

has a negative correlation with friction and wear. As the sliding 

speed increases, the friction and wear value firstly decrease to a 

minimum and then increase, due to the synergistic effect of the 

transfer films and the passivation effect [68]. In vacuum, low 

sliding speed is beneficial for maintaining superlubricity [69]. 
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However, for FL-C:H films prepared by magnetron sputtering 

have a lifetime of 36000 times in a vacuum environment due to 

the presence of the fullerene-like structures and the formation of 

onion carbon during friction, it can be known from the work of 

Song et al. [64]. The life is affected by the poor adhesion 

between FL-C:H films and steel, which can be solved by 

incorporating iron particles [70]. The friction coefficient 

decrease with load was reported everywhere though no 

superlubricity was observed [71]. The conversion from low 

friction to super-low friction can also be achieved by increasing 

the normal load [72]. In comparison, H-DLC films have a 

threshold load in a humid environment, and the friction force 

does not significantly change below the threshold value. When 

the load is above the threshold value, the friction force 

significantly decreases with the load increased. In vacuum, low 

load could keep the interface transfer layer for a long time, so 

low load is beneficial to achieve low friction [73]. Deeply study 

showed that some special nanostructure was forming during 

friction. This is a huge difference from a-C(:H) film due to the 

particular of nanostructures [15,21,26,38,74]. 

 

To understanding how the effects of fullerene-like structure on 

the tribological properties. X-ray diffraction (XRD) analysis, 

HRTEM and Raman Spectroscope have been performed at the 

original surface and wear debris and tracks of FL-C:H films. 

XRD pattern shows three peaks at about 2θ=69.1°, 33°, and 

22.4°. The two peaks at 2θ=69.1° and 33° are from the silicon 

substrate [004] and [002], respectively (Figure 6). other studies 

considered a weak peak at 2θ=22.4° which can be ascribed to 

fullerene-like or onion-like nanoparticles [74]. And after friction 

tests, the peak at 2θ=22.4° become prominent, accompanying 

with a new band at 2θ=15° which arise from fullerene-like or 

onion-like nanoparticles. It was further confirmed by HRTEM 

that onions as well as fullerene-like carbon were observed in FL-

C:H films. A well- structured carbon onions can play as a 

"molecular bearing" during the friction process, and achieve 

macroscopic superlubricity in a humid environment, owing to 

the incommensurate contact achieved by carbon onions [75]. In 

addition, the advantage of fullerene-like to superlubricity can be 

deduced from the friction properties of fluorine atom (F) 
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incorporation which destroys the fullerene-like structures via F-

terminating. Therefore, the friction coefficient increases with the 

amount of F content in carbon films. Besides, the effects of F 

incorporation, the humidity variation on the tribology properties 

of FL-C:H films were widely studied [46,47,49,52,61,76-78]. 

Unfortunately, humidity has a great influence on friction 

coefficients, that is, with increasing the humidity, the friction 

coefficient increases quickly to 0.07 at 50% for humidity (using 

GCr15 ball as couple). HRTEM results show that the onion-like 

nanoparticles in the debris are restrained: from spherical shell 

structure below 30% humidity to short curved graphene 

dispersed in amorphous matrix [21,26]. However, humidity 

effects on superlubricity vary with couple materials. As shown in 

Figure 7, in the dry open air, Al2O3, Steel (GCr15) and Si4N3 

balls are used as couples, all of them can reach superlubricity 

under load scope of 2 to 20 N, but the superlubricity property 

only can keep under humidity of 30%. HRTEM images proved 

that higher humidity suppressed the formation of onions or 

fullerene-like structures beyond the humidity of 30%, 

accompanying with disappearance of superlubricity. It can also 

conclude that superlubricity is strongly related with couple 

materials. Recently, Zhang’s group showed that couple ball with 

a-C(:H) film surface could widen the superlubricity scope [79]. 

 

In order to further reveal superlubricity phenomenon FL-C:H 

films, the interface structure evolution was studied on the debris. 

Surprisingly, multilayer graphene nanoparticles (GNPs) were 

observed in wear debris. It can be proposed that the formation 

mechanism of GNPs is the self-organization of graphene sheets, 

which can be divided into two steps, nucleation and growth, 

respectively. The nucleation of GNPs core is similar to the 

reaction pathway from graphene-to-fullerene, since the 

molecular cage of fullerene is more stable than graphene [80,81]. 

However, the driving force of the process is not high temperature 

but friction shear force. A possible nucleation and growth mode 

is given in Figure 8. The nucleation process can be divided into 

four stages: (1) At initial stage, the dual surface and the film 

have strong coupling, resulting in strong wear and a large 

number of wear debris. The graphene layers (Figure 8a) peeled 

off from the bulk body and direct contacted with the dual surface 
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(Figure 8f). (2) Subsequently, these graphene sheets (Figure 8b) 

is folded and coiled under the shear stress (Figure 8g). (3) With 

the development of friction process, these short range graphene 

fragments are coiled to form a cage-like structure under the 

action of periodic shearing force (Figure 8h). (4) After more 

friction cycles, the carbon cage structure becomes more regular 

(Figure 8i), position 2 and 3 (Figure 8c) marks a monolayer and 

a double layer, respectively. The single wall carbon cage 

diameter is about 0.7 nm, which has a similar radius to C60 

(0.71nm). 

 
 

Figure 6: Experiment XRD patterns from the film and wear debris showing 

that the debris has a structure analogous to that of C60, far from that of nc-

graphite. (Reproduced from Ref. 75 with permission from the Royal Society of 

Chemistry). 
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Figure 7: (a), (b) and (c) The friction coefficient curves as a function of 

rubbing cycles at different humidity against Al2O3, Si4N3, and steel 

ball,respectively. (d) Friction coefficient curves of the FP-C:H films in a dry air 

atmosphere under a load from 2 N to 20 N, the inset shows the 

frictioncoefficient as a function of load. (Reproduced from Ref. 21 with 

permission from the Royal Society of Chemistry). 

 

The growth mechanism can be surmised from the HRTEM 

images of wear debris, the defected graphene layers (soft) are 

easy to package fullerene core (hard), which is similar to the 

mechanism reported by Anirudha et al. [25]. The growth model 

of GNPs was similar to the snowball effect. When the friction 

process tends to reach a balance, the thermodynamic non- 

equilibrium state of fingerprint like-carbon (FP-C:H) films tend 

to reach an equilibrium state. A large class of GNPs can be 

formed after 3000 friction cycles (Figure 8d). Few GNPs layers 

(position 4) can be found on the edge of a big particle, which can 

be seen as the evidence of this form of nucleation and growth 

pattern. Raman spectra of original films and wear debris of 600, 

1200 and 6000 friction cycles also confirmed this growth model 

(Figure 8e), since the I2D/ID+G+I2D increased. Figure 8j, k, l and 

m are a possible growing model. Due to the spontaneous 

reduction of surface energy, the graphene sheets tend to wrap 

around the carbon cage core to reduce the surface area (Figure 8j 

and k). Under the effect of shear stress, the bonding 



Prime Archives in Material Science 

15                                                                                www.videleaf.com 

recombination occurs at the interface, and finally leads to the 

formation of multilayer GNPs (Figure 8l and m). 

 

 
 

Figure 8: (a) HRTEM images of original FP-C:H films . (b), (c) and (d) wear 

debris of 600, 1200 and 6000 friction cycles, at 10N, 10Hz. (e) Raman spectra 

of original films and wear debris of 600, 1200 and 6000 friction cycles, 

respectively. (f), (g), (h), (i), (j), (k), (l) and (m) Schematic diagram of 

nucleation and growth model for GNPs. (Reproduced from Ref. 21 with 

permission from the Royal Society of Chemistry). 
 

Potential Industrial Applications 
 

Recently, Holmeberg et al. have published papers to state the 

current austere condition about friction induced energy loss in 

passenger cars and engineering plants [80,81]. They come into a 

conclusion that friction accounts one third of the engine’s fuel 

energy consumption, which is a main problem conflicting to 

energy save and emission reduction. Thanks to the great 

tribology properties of DLC or carbon-based films, many 

attempts and efforts has donated to using such films in engine 

systems to save energy and reduce emission, and surely some 

progresses are made [82-84]. 
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Figure 9: Some photos from FL-C:H films coated samples. 

 

As a prominent anti-wear and anti-friction materials, FL-C:H 

films has more attractive in dealing with energy conservation 

and emission reduction of engine. For this great purpose, our 

group have in hand with FAW Group Corp., the biggest auto 

manufacturer in China, to push superlubricous FL-C:H films in 

engine use to energy-saving reduction strategic Strategy. Engine 

parts, like valve tappet, plunger, piston ring, pin valve and 

bearings were coated with FL-C:H films in our lab (Figure 9). 

Even some of them realize mass production. Figure 10 shows a 

bench test example that valve tappet with or without FL-C:H 

films run for more than 100 times on a home-made electrically 

driven valve train test rig in China Faw Group Corporation R&D 

Center. The results show that friction factor of the FL-C:H films 

coated valve train was reduced by 67% and the ability of wear 

resistance was enhanced [85,86]. Friction loss of engine valve 

train was decreased by 6%. Thanks to the excellent FL-C: H 

film, engine component makes engines more efficient and 

suitable for the low carbon technical route. 
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Figure 10: Bench test for valve tappet with or without FL-C:H films. 
 

Conclusion and Prospection 

 
In summary, deposition strategies, growth mechanism, the 

factors to superlubricity and its inner-mechanism for FL-C:H 

films are all discussed in this chapter. One of the great 

advantages is that FL-C:H films can be grown via PECVD, 

ECR-PECVD and R-MS methods, and all of them are suitable 

for mass production, providing basic conditions for the practical 

application of that films. The superlubricity of FL-C:H films are 

arisen from their excellent mechanical properties and unique 

bulk structure, which can provide graphene flakes to form carbon 

onions or scrolls to afford micro-bearing, achieve 

incommensurate contact and reduce shear force in interfaces. 

FL-C:H films exhibit low or super-low friction properties in a 

variety of environments including humidity, atmosphere, and 

vacuum etc., which determines the its application. Combined all 

these merits, FL-C:H films are considered as a good candidate 

for widely industrial use. Furtherly, collaborating with FAW 

Group Corp., kinds of engine parts were coated with FL-C:H 

films which were tested on bench or even using on real engine, 

and it proves that benefit from superlbubricious FL-C:H films, 

engine component makes engines more efficient and suitable for 

the low carbon technical route. Superlubricity under open 

atmosphere can be realized by introduce of fullerene-like 

structures into amorphous carbon matrix, which open the way to 

save energy and reduce emission for many mechanical units 

without special conditions by superlubricity technology. When 

(before/during friction) and where (application) should fullerene-
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like structures be in what way (composite or interface 

introduction) are worth to studying, such as: (1) introducing 

fullerene-like structures in some application-deficient materials 

to improve friction performance. (2) Generating or adding 

fullerene-like structures in the friction interface can regulate 

friction or availability period. In addition to saving energy by 

reducing friction, the expanded use of fullerene-like films or 

containing fullerene-like structures materials may be considered 

for some high-end equipment. 
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