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ABSTRACT 

COPPER REMOVAL FROM AMMONIACAL SPENT ETCHANT BY USING 

MAGNETIC NANOPARTICLES 

The aim of this study was to evaluate Cu
2+

 ions adsorption capacities of bare and polymer coated 

Fe3O4 magnetic nanoparticles (MNPs) from ammoniacal spent etchant wastewater. For this 

purpose, Fe3O4 MNPs were produced and coated with chitosan, polyvinyl-pyrrolidone (PVP), 

oleic acid and polyvinyl alcohol (PVA) polymers. The maximum copper adsorptions capacities 

obtained by these coated MNPs at 20
o
C and pH 9.5 were 204.6 mg/g, 189.3 mg/g, 165.3 mg/g 

and 160.7 mg/g respectively. Whereas the Cu
2+ 

adsorption capacities of  the laboratorial and 

commercial (Aldrich) bare Fe3O4 MNPs were only 23.6 mg/g and 15.4 mg/g respectively. The 

FTIR analysis demonstrated that the polymers were successfully coated on the surface of Fe3O4 

MNP. Zeta potential results showed the pH of point of zero charge of the uncoated MNPs was 

around 3.8. However, all the MNPs used in this study showed negative zeta potentials at pH 

around 9.5 indicating more Cu
2+

 ions could be adsorbed on the surface of the MNPs. Generally, 

the results of this study was consistent with reported data and it can be concluded that surface 

coated Fe3O4 MNPs can provide better adsorption results than the uncoated MNPs and can 

widely be used in the adsorption studies for the removal of copper and other heavy metals from 

water and wastewaters.  
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ÖZET 

MANYETIC NANOPARTIKULLER KULLANARAK AMONYAKLI ASINDIRICI 

ATIK SIVILARDAN BAKIR IYONU (CU
2+

) GIDERIM 

Bu çalışmanın ana amacı kapsız ve polimer kaplı Fe3O4 manyetik nanoparçacıkların (MNP) 

amonyaklı aşındırıcı atık sıvılardan bakır iyonu (Cu
2+

) 
 
giderim kapasitesini değerlendirmektir. 

Bu amaca yönelik olarak, Fe3O4 manyetik nanoparçacıkları üretilerek kitosan, polivinil pirolidon 

(PVP), oleik asit ve polivinil alkol (PVA) polimerleri ile kaplanmıştır. 20
 o

C sıcaklık ve pH 9.5 

koşullarında elde edilen maksimum bakır adsorpsiyon kapasiteleri sırasıyla 204.6 mg/g, 189.3 

mg/g, 165.3 mg/g ve 160.7 mg/g olarak ölçülmüştür. Buna karşılık, hem laboratuvarımızda 

hazırlanmış olan hem de ticari olarak satılan (Aldrich) kapsız Fe3O4 manyetik nanoparçacıkların-

ın adsorpsiyon kapasiteleri sadece 23.6 mg/g ve 15.4 mg/g olduğu laboratuvar çalışmaları ile 

ortaya konmuştur. FTIR analizi, polimerlerin Fe3O4 MNP yüzeyine başarılı olarak kaplandığını 

göstermiştir. Zeta potansiyel sonuçları, kapsız MNP’lerin sıfır yük noktası pH’ının (pHpzc) 3.8 

civarında olduğunu göstermiştir. Bununla birlikte bu çalışmada kullanılan tüm MNP’ler pH 9.5 

civarında negatif zeta potansiyel değeri göstermiş olup bu durum daha fazla Cu
2+

 iyonunun MNP 

yüzeyine adsorplanabilirliği anlamına gelmektedir. Genel olarak, bu çalışmada elde edilen 

sonuçlar, literatürdeki sonuçlarla uyumludur ve yüzeyi polimer ile kaplanmış Fe3O4 MNP’lerin 

kapsız MNP’lere göre daha iyi adsorpsiyon sağlayabildiği ve bu MNP’lerin su ve atıksularda 

bakır ve diğer ağır metallerin giderimine yönelik adsorpsiyon çalışmalarında kullanılabileceği 

sonucuna varılmıştır.  
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1. INTRODUCTION 

1.1. Scope of the Study   

Contamination of water with heavy metals released from different industries like mining, metal 

finishing and plating plants is becoming severe problem for both environment and humans [1]. 

The main problem of heavy metals is that they are persistent for a longer period of time without 

degradation and cause harmful effects through food chain [2]. Cr, Hg, Cu, Ni, Zn and Cd are 

among the major heavy metals that can bring severe problems [3].    

Copper, which is the major effluents in industrial wastewaters, is among the essential elements 

required for normal structure and function of cells. However, if it is in excess, it causes 

abnormalities for the proper activities of cells [4]. For example, if the level of copper in drinking 

water is more than 2 mg/L, it could cause stomach, liver and kidney damages [5]. In addition, 

excessive ingestion of copper in human diet results in vomit, cramps, and even death [6]. The 

World Health Organization (WHO) limits its amount in drinking water to be 2 mg/L [7].  

Spent etchant is the industrial wastewater produced from the etching step of Printed Circuit 

Board (PCB) industries and it contains high amount of copper [8]. PCBs are the main parts of 

electronic materials, and the world electronic products reached 40 billion US dollars in 2009 [9]. 

The annual PCB production in the world is estimated to be approaching to 300 million m
2
 [10], 

from this 0.7 million m
3
 of the waste is produced every year [11]. The total metallic content of 

PCBs is 28%, of which copper, lead and nickel consist 10-20%, 1-5% and 1-3%, respectively 

[12].  

Etching is one of the major technical steps involved in the production of PCBs. In the design of 

PCB, the uncovered copper is dissolved in a chemical called etchant so that the required PCB 

design is produced. Ferric chloride, hydrogen peroxide, cupric chloride and ammoniacal (alkali) 

etchants are some of the chemicals which have been used in etching processes. Among these, the 

alkaline etchant is the most common etchant used in most PCB industries due to its best etching 

efficiency [13]. 
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Spent ammoniacal etchant solution is an alkaline hazardous waste solution produced during the 

etching of copper with ammoniacal etchant. The solution has pH of 8.5-9.5, copper concentration 

of 130-160g/L, chloride concentration of 175-190g/L, ammonia concentration of 170-201g/L and 

a molar ratio of ammonia to copper 4:1. The waste also consists of additional chemicals required 

for the etching process [14].  

The presence of ammonia and other heavy metals in the solution make it hazardous and cause 

health and environmental problems.  The most difficult problem of the solution is caused by due 

to the complex formed between copper and ammonia. Copper ammonia complex [Cu(NH3)4
2+] is 

the major complex specie formed in spent ammoniacal etchant. The complex is very difficult to 

break and prevents the precipitation of metal [15]. If this waste solution is disposed before 

treating, it can bring a complicated environmental and human problems. In addition, from the 

economical point of view, the copper and the spent etchant can be recovered and recycled for 

further use. Thus, the rapid and effective copper removal is among the major concern in 

wastewater treatment.  

Numerous technologies like chemical precipitation, ion exchange and membrane filtration are 

used for the removal of Cu
2+

 from wastewaters [16]. However, these conventional methods 

commonly have several drawbacks in relation with cost, time and complexity [17]. For this 

reason, it is needed to find other methods that are simple and cheap.  

In recent years, adsorption of Cu
2+

 ions using magnetic nanoparticles (MNPs) is becoming more 

attractive method for copper removal from different wastewaters due to its simplicity and cost 

effectivity [18]. In addition, their small size and high surface-area-to volume ratio make them 

preferable for the removal of heavy metals from polluted water streams [19]. Moreover, if the 

MNPs are coated, their adsorption capacities increase because of the existence of various 

functional groups which can bind the targeted metals. [20].  

In this study, the bare and various polymer coated Magnetite Iron Oxide (Fe3O4) MNPs were 

used to analyze their adsorption efficiencies of Cu
2+

 ions from ammoniacal spent etchant. The 

polymers used to coat the MNP were chitosan, polyvinyl-pyrrolidone (PVP), oleic acid and 

polyvinyl alcohol (PVA). The commercial Fe3O4 MNP (Aldrich) was also used to assess its 

adsorption efficiency in respect to the MNP produced in our university. The characterizations of 
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the MNPs were studied using FTIR (Fourier Transform Infra-Red Spectroscopy). The synthetic 

ammoniacal spent etchant (copper stock solution) was prepared by Environmental Engineering 

department, where as the MNPs  were produced by Metallurgical and Materials Engineering 

department of Marmara University as described in Chapter 2. 

1.2. Objectives of the Study 

The feasibility of MNP for selective removal of copper was studied by a number of researchers. 

However, these studies targeted on the treatment of wastewater with low copper content. To 

date, treatment of wastewater from PCB industries with very high copper concentration around 

170 g/L, in which copper forms complex in the form of Cu (NH3)4
2+

 is carried out. Therefore, the 

main objective of the study was to determine the bare and polymer coated Magnetite Iron Oxide 

(Fe3O4) MNPs for their adsorption efficiencies of Cu
2+

 ions from ammoniacal (alkaline) spent 

etchant wastewater with low operation cost and without generating secondary waste for PCB 

manufacturers. Furthermore, the adsorption capacities of the Fe3O4 MNP produced in our 

university and the commercial Fe3O4 (Aldrich) MNP were also compared. 

1.3. General Background 

1.3.1. Printed circuit boards (PCBs) 

Printed Circuit Boards (PCBs) are the main components of any electronic, communications, 

defense and automotive manufacturer designed for the linkage of electrical signals among 

different parts [21]. PCBs are also called as Printed Wiring Boards (PWBs) due to their ability to 

supply electrical wiring on a rigid surface [22]. Therefore, PCBs are electrical circuit systems 

formed by putting electrical parts on a non-conductive board to create conduction among 

different parts with metal coating [23]. The manufacture of PCBs uses different precious metals 

such as Au, Ag, Pd and Pt in its different steps which make waste PCBs is an important waste 

from the view of economy [24]. 

1.3.1.1. PCBs production in the world 

The increament of the production of electronic materials is the indirect indication of the fast 

growth of the PCB business [25]. About $1 trillion is obtained from the sale of electronic 
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products each year. Nevertheless, the US PCB business had decreased from 42% in 1984 to 10% 

in 2006. In 2000, the number of employees in US PCB industries was about 80,000, but it 

showed 50% reduction in 2004. The reduction can lead to the conclusion that the production 

shifted from the US to other countries.  

Currently, Asia produces 75% of the global PCBs, with more than 1000 PCB industries found in 

China. In 2003, Japan was the first, China the second, US the third, Taiwan the fourth, Europe 

the fifth, and South Korea the sixth world largest PCB producers at 29%, 17%, 15%, 13%, 10%, 

and 8%, respectively. China took the leader of the world PCB producer in 2006, and it accounts 

25% of the world total PCBs [22]. The global trend in the investment of PCB industries and 

prediction growth is shown in Figure 1.1.  

 

Figure 1.1. The world PCB manufacturing progression [26] 

As it is seen from the figure, the world PCB production is increasing dramatically which covered 

less than 10,000 million US dollar in the years 1980 and estimated to be increased to 80,000 

million US dollar in the years 2016. From this figure, it can be concluded that the PCB 

manufacturing business will increase in the future, and ultimately the waste PCBs generation will 

also increase [26]. 

The major PCB producers are shown by Figure 1.2. From the graph it is seen that China is the 

largest PCB producer, which produced 23, 561 million US dollar, whereas Hong Kong produced 

138 million US dollar PCB in the year 2011, which made them the leading country and the least 

region in the production of PCB in this year [27]. According to the study conducted, the rate of 

global PCBs production rate is 8.7% [28].    
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Figure 1.2. Major PCB producing countries in 2011 [27]. 

1.3.1.2. Chemical compositions of PCBs 

The contents of PCBs are determined by the kind of PCBs and their functions. Generally, around 

28% of PCBs is composed of metals, 23% plastics and 48% is ceramics and glass materials [29]. 

In addition, resin and various kinds of hardeners are used to form thermoset plastics [30]. Copper 

is the major element used for the formation of conducting layer among other metals due to its 

high conductivity properties. Precious metals such as Pt are also present in switches and sensors 

[31]. According to the report, more than half of the total copper production is used in the 

application of electronic manufactures [32]. Most of the plastic substances found in PCB contain 

polymers and halogenated compounds which are believed to be carcinogenic [24]. Antimony 

trioxide is found with polymers as flame retardant [33]. 

1.3.1.3. PCB manufacturing  processes  

PCB production is most complicated and the process needs more than 50 technical steps [34]. 

Based on the design, PCBs can be grouped as single, double or multi-layered. In the first two 

groups of PCBs, the conducting layer is on one or both sides and mostly found in automotive 

electronics [35]. Multilayer boards account more than 65% of the US PCB production [36]. Each 

produced PCB board has a particular circuit design arranged for the desired electronic product 

system [21]. Figure 1.3 shows double-sided PCB design on a computer.    

 

Figure 1. 3. Double- sided PCB design (left) and board assembly (right) on a computer [37]. 

https://en.wikipedia.org/wiki/File:PCB_design_and_realisation_smt_and_through_hole.png
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Major PCB manufacturing steps regardless of design, involve board drilling and preparation, 

image transfer of the dry film, copper etching and electroplating [21]. As it is shown in Figure 

1.4, pattern plate and panel plate are two methods for the production of double-sided PCB [37].  

  

 

 

 

 

 

 

Figure 1.4. The two known processing methods used to produce a double-sided PCB. 

The common processes of PCB manufacturing are briefly explained in the following paragraphs: 

Holes are drilled into PCBs to give support for the connection of layers on the circuits. Copper is 

plated onto the holes to make them conductive.  

The circuit layer image is transferred from the film to copper foil of the PCB material by the 

process called image transfer. Image transfer for inner layers involves imaging, developing, and 

etching, and the application of photoresist that is used as the etch resist. Whereas, for the outer 

layer, it involves the electroplating of copper by precious metals like lead, tin and gold. [38].  

The other common process of PCBs production is metal plating. In this step copper is coated 

with tin–lead layer. The unnecessary copper layer is removed by etching chemicals. In PCB 

industries, more than 90% of the discharged copper originates from the etching process. Then, 

tin–lead layer found on the upper part is stripped and the panel is covered with solder resist [39]. 

Finally, the panel is rinsed and washed in 10% H2SO4 for the prevention of oxidation before 

ready for the market [40].   

https://en.wikipedia.org/wiki/File:Double_side_PCB_process_flow_chart.png
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1.3.1.4. Quantity of waste PCBs generation   

The world increasing rate of PCBs manufacturing results in the increasing of waste PCBs. The 

UN Environment Programme (UNEP) report says 20–50 million tons of waste electric and 

electronic equipment (WEEE) are produced every year and this is higher than other municipal 

wastes [41]. It was also reported that the electronics waste accounted 4% and 8% of municipal 

solid waste in the year 2002 [42] and 2005[43], respectively.   

China is under great problem with WEEE disposal both from internal production and external 

transfer as shown in Figure 1.5. Large quantities of WEEE are imported to China from different 

countries. According to the report, more than 50 % of the total collected domestic WEEE [44] 

and 10 million useless computers in USA in 2002 were moved to Asian countries such as China 

for recycling. The study also showed that from the total WEEE exported to Asia, more than 90% 

is discarded in China. Therefore, the largest amount of WEEE is found in china, which accounts 

about 70% the world annual WEEE [45]. In China alone, more than half million tons of waste 

PCBs is treated annually [46]. 

 

Figure 1.5. WEEE importing and exporting traffic routes of Asian countries [45]. 

In general, the wastes generated from PCB industry can be grouped as solid and liquid wastes. 

Solid wastes include copper clad, protection film, drill dust, waste board, etc., whereas the liquid 

wastes include spent solutions, washing solutions and resistor [47]. In PCBs production, the 

common hazardous waste streams are spent solutions, spent rinse water and other metal-laden 
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wastewaters [40] originated from waste rinsing water, waste etchant and discharge of waste 

electroplating solutions [48]. Table 1.1 shows the amount of waste generated from a typical 

multi-layer PCB process in Taiwan. From the table it is clearly seen that more than 65% of the 

wastes generated from this PCB industry is hazardous which can cause health and environmental 

problems. 

Table 1.1. Amount of waste generated from PCB manufacturing process in Taiwan [47]. 

Wastes  

Wastes  

Characterization kg/m
2
 of PCB  

Waste board Hazardous 0.01~0.3kg/m2 

Edge trim ˮ 0.1~1.0kg/m
2
 

Hole drilling dust ˮ 0.005~0.2kg/m
2
 

Copper powder Non-hazardous 0.001~0.01kg/m
2
 

Tin/lead dross Hazardous  0.01~0.05kg/m
2
 

Copper foil Non-hazardous 0.01~0.05kg/m
2
 

Film ˮ 0.1~0.4kg/m
2
 

Drill backing board ˮ 0.02~0.05kg/m
2
 

Wastewater treatment slurry Hazardous  0.02~3.0kg/m
2
 

Acidic etching solution ˮ 1.5~3.5 L/m
2
 

Basic etching solution ˮ 1.8~3.2 L/m
2
 

Rack stripping solution 
ˮ 

0.2~0.5 L/m
2
 

Tin/lead stripping solution 
ˮ 

0.2~0.6 L/m
2
 

Sweller solution 
ˮ 

0.05~0.1 L/m
2
 

Flux solution 
ˮ 

0.05~0.1 L/m
2
 

Microetching solution 
ˮ 

1.0~2.5 L/m
2
 

PTH copper solution 
ˮ 

0.2~0.5 L/m
2
  

 

Moreover, the percentage of major wastes generated from PCB manufacturing process are shown 

in Figure 1.6. From the figure it is concluded that the hazardous wastes accounted about 80% of 

the total waste generated, of which the liquid waste slurry, solid wastes edge trim and waste 

board covered 52%, 12%, and 8%, respectively. 
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Figure 1.6. Proportions of wastes generated from PCB manufacturing in Taiwan [47]. 

1.3.1.5. Waste PCBs  and the environment 

The PCBs industry causes a serious problem due to its waste consists of a lot of hazardous 

materials like BFRs, Poly Vinyl Chloride (PVC) and toxic metals. In addition, burning of waste 

PCBs results in the production new toxic substances like dioxins, furans and Polycyclic 

Aromatic Hydrocarbons (PAHs) which are very dangerous for health and environment [49]. 

Furthermore, the environment near waste PCBs processing places are more contaminated by the 

above toxic substances than other sites. According to the Basel Action Network (BAN) report in 

China, the sample taken from the Lianjiang river near to the recycling area of waste PCBs 

showed its lead contents is much higher than WHO drinking water limit [50]. 

The percentages of substances emissed into the air and water bodies from U.S. PCBs industries 

in 2006 are shown by Figure 1.7. The largest amounts of substances emissed into the air were 

ammonia, glycol ethers, and dimethylformamide, whereas the chemicals released into water were 

methanol, copper and its compounds, and formaldehyde [21].  
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Figure 1.7. Air and water emission percent of chemicals in 2006 from the US PCB industry [21].  

1.4. Chemical Etching  

Chemical etching is the ancient non-traditional technical process used for the production of 

complicated machines. It is also called as etching or chemical machining. The process needs 

chemical known as etchant to discard unnecessary materials. Etching is the process that can be 

applied to all engineering materials and electronics manufacturers [51].  

It is the oldest process used by ancient Egyptians for etching of copper with citric acid for the 

production of jewelry before 2500B.C. The technique substituted hand-tool design in the 15
th

 

century; when weapons and metallic hats were made by using mineral acids. Etching was used 

for production of steel parts for the first time in 17
th

 century. The development of chemistry 

resulted in the advancement of etching and different etching chemicals were produced in 18
th

 and 

19
th

 centuries [52].  

Major advancements of etching were observed after the Second World War and it has been 

commonly used as industrial process since 1950s. It was first used in USA Aviation, to etch 

aluminium parts for rockets and remove overweight from aircraft parts. The development of the 

technique brought the application of etching for different industrial, medical and decorative 

purposes. In contrast with the traditional machining processes, etching has more advantages 

because it doesn’t need special materials, it needs short machining time, it requires less economy 

and it provides complex geometrical designs with better precision [53]. 
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1.4.1. Copper etchants in PCB manufacturing 

The good electricity transmitting property of copper make it highly used in different electronics 

and automotive industries [54]. Copper etching is one of the major steps in PCB manufacturing 

processes. In PCB production, the uncoated copper is dissolved into the etchant to bring the 

required circuit shape. About 70% of the copper layer is etched by the etching chemical, showing 

that a large amount of copper containing spent etchant is produced. As the etching process 

continues and the copper amount in the solution becomes high, the rate of etching slowly 

decreases and the etching solution should be replaced with new etchant [55].  

In etching steps, the components of the layer needed for the desired applications are covered by 

etch resist to protect them being affected etchants. There are two kinds of resists commonly used 

in PCBs processes. These are organic and metallic resists. Organic resists are also called as 

photoresists and they are prepared from organic chemicals. These types of resists are used during 

the etching of inner layers. Whereas, metallic resists are prepared from pure metals and they are 

used when outer layers are etched [56]. The general etching process involved in PCBs 

manufacture can be showed by Figure 1.8 [57]. 

 

Figure 1.8. A general etching process to remove unwanted copper from PCBs board. 

Different etching solutions are used for copper etching. However, their uses depend on their 

etching rate, dissolving capacity of copper and regeneration of waste etchant. The three most 

commonly used etchants for copper etching in PCB industries are ferric chloride (FeCl3), cupric 

chloride (CuCl2), and alkaline (ammoniacal) etchants [58].   

1.4.1.1. Ferric chloride (FeCl3) etchant  

Ferric chloride is the first etchant in PCB industry. It has been applied since the mid of 20
th

 

century [59]. FeCl3 is a common etchant for metals and their alloys. The maximum copper 
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dissolving capacity of FeCl3 is 120 g/L. A lot of copper etching studies were done by using FeCl3 

etchant with better etching results. The main problem of this etchant that limits its application is 

the impossibility of the regeneration of the etchant. Its reaction with copper in etching process is 

shown below [60]. 

FeCl3    +     Cu                              FeCl2  +  CuCl                                                                     (1.1) 

Copper reacts with ferric ions, producing cuprous chloride (CuCl) and ferrous chloride (FeCl2). 

CuCl reacts again with FeCl3 to give CuCl2 . The CuCl2 finally reacts with copper to produce 

CuCl as shown in equations 1.2 and 1.3: 

FeCl3   +     CuCl                           FeCl2 +CuCl2                                                                       (1.2) 

CuCl2   +   Cu                                2CuCl                                                                                   (1.3) 

1.4.1.2. Cupric chloride (CuCl2) etchant    

Cupric chloride has been used as copper etchant in the PCB industry since 1960s [61]. It is a 

common etchant for the production of single-sided PCBs and has the advantage of high etching 

rate than FeCl3 [62]. Its maximum dissolving capacity is 150 g/L and it doesn’t produce sludge 

as FeCl3 does [63]. In addition, its regeneration behavior makes it more preferable etchant than 

FeCl3. Like FeCl3 etchant, CuCl2 is also used for etching of copper alloys such as brass, bronze, 

etc [62]. 

In cupric chloride etching, the reaction between copper and CuCl2 etchant brings the formation of 

cuprous chloride as seen in equation 1.4. Here, copper is etched by the solution of itself because 

the oxidation state of copper can be changed from one to another [64]  

CuCl2         +      Cu                       2CuCl                                                                                   (1.4) 

(Etchant)                                       (Spent Etchant) 

The two major factors influencing copper etching process using CuCl2 etchant are molarity and 

temperature. The molarity of cupric chloride etchant is represented by Baumé. The average 

Baumé value for good etching rate is 32-33 °Bé (2.33-2.5 Mol) [65]. The other factor that 

influences the process of etching is temperature. The study showed that the rate of etching 

increases with increasing temperature. The average etching temperature is around 50°C [66].  



13 
 

Furthermore, during the preparation of CuCl2 solution, small amounts of hydrochloric acid (HCl) 

and ammonium chloride (NH4Cl) are added to it to increase the etching rate. It is reported that 

addition of HCl increases the etching rate [67].  

1.4.1.3. Alkaline (Ammoniacal) etchant  

Alkaline (ammoniacal) etchant is the most widely used copper etchant in PCB industry since 

1970 [68]. It is a mixture of cuprous chloride Cu(NH3)xCl and cupric ammonium chloride 

Cu(NH3)xCl2 [69]. Major ammoniacal etchants are ammonium chloride (NH4Cl), ammonium 

sulfate [(NH4)2SO4)] and ammonium hydroxide (NH4OH) [55].  

Concerning the production of toxic chemicals, alkaline etchant has better advantage than cupric 

chloride etchant due to the fact that it doesn’t use chlorine gas, which has health and 

environmental problems as cupric chloride uses during onsite recovery. However, alkaline 

etchant has a shorter life service than CuCl2 etchant [40]. Unlike the two etchants, ammoniacal 

etchants are not used for etching of copper alloys. Due to their expensiveness, akaline etchants 

are applied for large production processes [62]. Their chemical reactions are more complicated 

and they are able to dissolve up to 225 g/L copper with the highest etching rates [60]. However, 

it cannot provide the fine-line etching as CuC12 can [40].  

The same to cupric chloride etching, the copper that is found in the alkaline etchant etches the 

copper metal on the circuit board. The presence of ammonia in the etchant is used to dissolve the 

cuprous (Cu
+
) compounds. Therefore, alkaline etchant is speeded up by the ammonia and 

chloride in the etchant. The chemical equation of alkaline etchant is as follows [69]:  

 

Cu  +  Cu
 (
NH3)4Cl2                                  2Cu (NH3)2Cl                                                             (1.5)    

           ( Blue,Cupric )                            (White, Cuprous) 

As it is seen in the reaction below, ammonia and ammonium chloride are provided by the 

replenisher solution to complete the oxidation of the cuprous salts by the help of oxygen comes 

from the air: 

2Cu (NH3)2Cl + 2NH3 + 2NH4Cl  +   1/2O2                          2Cu(NH3)4Cl2 + H2O                    (1.6) 

    (Cuprous)                     (Etchant)     (Air)                          (Blue,Spent Etchant) 
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The process of alkaline etchants is affected by pH, copper concentration, chloride content and 

temperature. All these factors should be considered properly to get the best etching process. 

Despite alkaline etchant is the most commonly used etchant in most PCB industry, it has some 

drawbacks. Its advantages and limitations are mentioned below [68].   

Advantages of using alkaline etchant 

 It is widely used for most metallic resists. 

 It has relatively high etching rate. 

 It has less environmental problems 

Disadvantages of using alkaline etchant 

 Low viscosity enhances chemistry migration.  

 Crystallizes result in material problems 

 It results in bad ammonia odor. 

 Formation of hazardous waste complex between copper and ammonia 

1.5. Spent Etchant  

The PCB industry results in the production of toxic effluents which have environmental and 

public health effects. Spent etchant is one of the hazardous waste solution generated from the 

etching step in PCB manufacturing process [8]. The most common spent etchant solution 

produced in PCB industries is ammoniacal spent etchant. This solution is generated when copper 

is etched with alkaline etchants. Its pH is mostly in the range between 8.5-9.5. The 

concentrations of copper, chloride, and ammonia in ammoniacal spent etchant are 130-160g/L, 

175-190g/L, and 170-201g/L, respectively with molar ratio of ammonia to copper 4:1 [14]. As 

indicated in Table 1.2, the solution also contains additional chemicals needed for the etching 

process.  

The amount of produced spent etchant is increasing as a result of the growth of PCB 

manufacturers. According to Mac Dermid’ study in 2002, about 70,000L alkaline spent etchant is 

generated monthly by Singapore’s PCB industry [70]. Moreover, the research conducted in china 

in 2009 indicated that the amount of spent ammoniacal etchant that can be produced every day 

by PCB industries is around 600 tons [71]. This spent etchant is commonly stored in containers 

and are finally moved to treatment plants for copper recovery before discharging. Transportation 
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and final discharging of the spent etchant cause environmental and health risks [72]. Therefore, it 

is necessary to take precaution during transportation and know the discharging limit before 

disposal.  

Table 1.2. Contents of spent ammoniacal (alkaline) etchant wastewater [73]. 

 

 

1.5.1. Environmental and health impacts of spent etchant 

Major contents of the spent etchant solution are ammonia, copper, and other heavy metals that 

have health and environmental impacts if they are not disposed according to their disposal limits. 

Ammonia is a major pollutant in wastewaters and its amounts in municipal and industrial 

wastewaters are 10-200 mg/L and 5-1000 mg/L, respectively [74]. 

The most difficult environmental and health problem of spent etchant is caused by the formation 

of complex between ammonia and copper. With certain metals (such as nickel and copper) 

ammonia forms complexes which are very difficult to break and; therefore, prevent the 

precipitation of the metals. [Cu(NH3)4
2+] is the major complex specie formed in spent 

ammoniacal etchant [15]. The presence of copper and ammonia make it to be characterized as 

hazardous waste which needs treatment before discharging into the environment. Besides, from 

the economical point of view, the high content of copper it contains makes it a valuable waste 

solution due to the possibility of recovery of copper [47]. 

pH 10 

Cu(II) (M) 2.5 

Total NH3 (M) 10 

Cl
-
 (M) 5 

Na
+
 (M) 2.5x10

-2
 

Zn (II) (M) 1.7x10
-3

 

Hg (II) (M) 4.7x10
-4

 

Ni (II) (M) 3.4x10
-4

 

Ca (II) (M) 9.3x10
-5

 

Total Fe (M) 4.7x10
-5

 

Cd (II) (M) 1.8x10
-6
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1.6. Copper in Wastewaters  

The effect of heavy metals on the environment and public health is becoming the most serious 

problems nowadays [75]. Atleast half of the 20 known toxic metals are emissed into the 

environment from various industries and cause complicated problems [76]  

Copper is one of the metals existing in the environment and is important for proper growth [77]. 

However, both excess and deficient of copper cause various problems both in plants and animals 

[78]. For example, the normal Copper amount in plants is 4–15 mg/kg and its concentration 

greater than 25 mg/kg is toxic to them [79]. Shortage of copper leads to reduction of cell 

functions. In contrast, excess of copper destroys plasma membrane and leads to the death of 

plants [80].  

In the case of humans, excessive ingestion of copper in human diet causes cramps, vomit and 

even death. Whereas, its shortage results in anemia, diarrhea, and nervous disturbances [81]. 

Besides, if copper’s concentration in drinking water is beyond the permissible limit, it damages 

central nervous system, capillary, renal and kidney [82]. Furthermore, the activities of some 

enzymes can be inhibited by high Cu
2+

 ion concentrations [83]. Likewise, excessive intake of 

copper is also harmful to aquatic environment [84]. For this reason, it is important to remove this 

metal from aqueous solutions before its disposal into the environment. 

1.6.1. Copper removal methods from wastewaters  

Copper can be removed from different waste effluents using chemical precipitation, ion 

exchange, membrane filtration, etc [16]. However, these conventional methods have their own 

limitations such as production of large volume of sludge in case of chemical precipitation [85]. 

Therefore, it is necessary to find economic copper removal methods. 

Currently, neutralization and solvent extraction are the two methods widely used in PCB 

industries for copper removal. In neutralization, the combination of acid-base and alkaline-base 

spent etchants results in the formation of Cu(OH)2, which is broken down to CuO by heating. 

The limitations of these methods are the produced waste water needs further treatment of copper 

and the treated spent etchant is not re-usable. 
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Nowadays, the Mecer® system is becoming one of the successful methods for spent etchant 

treatment. This method uses solvent extraction and incorporates organic extracts, which extract 

copper from spent etchant. The reusability of the treated etchant after the removal of copper 

makes the method economical [86]. Like the other methods, this method has also some 

limitations such as it needs high cost [87]. Therefore, it is necessary to find a more efficient, an 

easy to control and low cost technologies.  

Based on these, adsorption using nanoparticles is nowadays becoming an attraction method for 

copper removal and other heavy metals from different aqueous solutions. Especially, using 

magnetic nanoparticles gives an extra advantage over other nanoparticle adsorbents due to their 

magnetic characteristics [88].  

1.7. Magnetic Nanoparticles (MNPs)  

Magnetic nanoparticles are part of nanoparticles that show a response during the application of 

magnetic field. Nanoparticle (NP) materials have usually core diameter 1-100 nm [89] and those 

with core diameter less than 20-30nm show super-magnetic behavior [90]. It is normally 

impossible to separate adsorbents from solution, but magnetic nanoparticles can do it because of 

their magnetic behavior [91]. The magnetic characteristics of MNPs result in their wide 

applications for solving a lot of health and environmental problems [92]. Particularly, the low 

toxicity effect of iron (Fe) over other NPs makes it attractive in different areas.  

1.7.1. Applications of iron oxide nanoparticles  

Magnetite (Fe3O4) is the main type of iron oxide and it is black in color. The ferricmagnetic 

mineral contains Fe
II
 and Fe

III
 [93]. Using of iron oxide nanoparticles (IONPs) is becoming more 

common in different areas because of its special characteristics like small size, magnetic 

behavior and less toxic. The two major application areas of IONPs are in medicine and 

environmental remediation [94]. The following section provides a short introduction to these two 

application areas.  
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1.7.1.1. Medical application of IONPs   

Due to their superparamagnetic properties and relatively low harmful effects, the use of IONPs 

in several medical applications is higher than other magnetic nanoparticles [95]. One of the most 

in medical area is its application in magnetic resonance imaging (MRI) [96]. IONPs are less 

toxic and increase the contrast in some MRI applications. They are able to move the blood-brain 

membrane and stay there for long days [97], which give the advantages for investigation of brain 

tumors without renewal of the contrast agent [98]. The supermagnetic characterisitcs of IONP 

has also direct medical advantages in such away that they can directly be injected into the tumor 

which induces hyperthermia of the surrounding tumor tissue [99]. 

1.7.1.2. Environmental applications of IONPs 

One of the most environmental applications of IONP is for ground water remediation. The 

nanoparticle is directly injected into groundwater to remove the pollutants as seen in Figure 1.9. 

Their high surface area enable them provide large reactivity in respect to granular materials 

[100]. This property of IONP is very important to conserve both raw materials and energy with 

significant associated cost savings. Based on the nature of the pollutants, wide range of 

contaminants including organic compounds, chlorinated pesticides, nitroamines and heavy 

metals can effectively be removed using IONP [101]. Due to its high reactivity behavior, 

nanoscale zerovalent iron (Fe
0
/nZVI) is commonly used for the purpose of ground water 

remediation [102]. It is reported that the reactivity of nanoscale zerovalent iron was 10 – 1,000 

times higher than granular iron [103]. 

 

Figure 1.9. Simplified scheme of the utilization of IONP for polluted groundwater remediation  
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1.7.2. Surface coating (modification) of nanoparticles  

To increase the adsorption efficiency, the produced nanoparticle is coated by different 

substances. The surface coating can be achieved using inorganic substances or polymers. These 

coating layers have two advantages for the iron core. These are protecting the nanoparticles in 

solution and help the iron oxide nanoparticles binding to the various functional groups [104]. 

The functional groups are mostly negatively charged that have the ability to adsorb metals on 

their surfaces. Some of the major functional groups used for binding metals on the surface of 

nanoparticles are hydroxyl, carboxyl, amine and amide [105].  

1.7.3. Removal of Cu
2+ 

ions from wastewaters using surface coated MNPs   

Copper can be removed from different water streams by the use of metal oxide magnetic 

nanoparticles [91]. According to different studies, the use of surface coated iron oxide magnetic 

nanoparticles is becoming common method for copper removal from various water media [106]. 

The results indicated that surface modified MNPs effectively remove Cu
2+

 ions from wastewater 

better than the uncoated ones [107]. This is because the coated MNPs are protected from 

agglomeration and as a result more stabilized and homogeneous solutions are obtained [20]. 

However, atleast two steps are required to prepare the modified MNPs; these are preparation of 

the magnetic cores and coating with polymers [108]. The Schematic model of surface coating of 

iron oxide is shown below. 

 

Figure 1.10. Schematic model of surface modification of iron oxide [109]. 

In our study, chitosan, PVP, oleic acid and PVA were used as coating polymers of iron oxide 

MNPs and their adsorption capacities in removing Cu
2+

 ions from alkaline spent etchant solution 
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were compared with the bare iron oxide MNPs. The structure of Fe3O4 and the organic polymers 

used to coat the iron nanoparticle in this study are shown below 1.11.  

 

                                       

                  a                                                                                               b           

                                         

               c                                                    d                                                e                                                    

Figure 1.11. Chemical structures: (a) Fe3O4 ; (b) Chitosan; (c) Oleic Acid; (d) PVA; (e) PVP 

1.7.4. Important properties of magnetic nanoparticles 

1.7.4.1. Crystallite size 

One of the determining factors for the proper application of magnetic nanoparticles is crystallite 

size. Due to its influence on the properties of materials, crystalline size has a great position in 

studying nanomaterials. Size of particles influences the electronic characteristics of substances 

[110]. The particle size of nanomaterials is given by Debye Scherrer equation:  

  
    

     
                                                                                                                                    (1.7) 

 

Where, t size, λ is wavelength, β corresponds to the full width at half maximum intensity (fwhm, 

in radians), and θ is the Bragg angle. 

1.7.4.2. Zeta potential 

Zeta potential (Ƹ) indicates the attraction and repulsion ability of the particles at the surface and 

it explains the stableness of particles. If a particle stays in suspension and does not coagulate, it 

http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Bragg_diffraction
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is said stable. The stability of particles is determined by the forces of attraction and repulsion. 

The diagram below shows how ions are distributed around a charged particle.  

 

Figure 1.12. Illustration for ions distributed around a charged particle 

The causes of attraction ad repulsion forces are Van der Waals and electrostatic forces, 

respectively and they are indirectly measured by Zeta potential, which is calculated as:  

   
    

 
                                                                                                                                    (1.8) 

Ƹ:Zeta potential  

q: Charge per unit area  

d: thickness of the layer  

D: Dielectric constant of liquid. 

The major factor that affects zeta potential according to the above equation is the thickness of the 

layer (d). Greater zeta potential has greater repulsion forces and vice versa. The following 

diagram shows interparticle potential versus interparticle distance of a particle [111].  

 

Figure 1.13. Interparticle potential versus interparticle distance of particles. 
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1.7.4.3. Point of zero charge  

Point of zero charge (pzc) represents the pH values where the net surface charge is zero. It shows 

the surface situation where the surface charge is determined by proton exchange over the surface. 

For example, if the surface charge is dominated by H
+
,
 
it

 
refers to the point of zero net proton 

charge. The pH of the point of zero net proton charge of metal oxides is found from electrostatic 

determinations. The pH of the point of zero net proton charge of a simple oxide is related to the 

cationic charge and radius of the central ion [112]. 

In aqueous solution, Fe3O4 are surrounded by OH
-
. The binding of H

+ 
and OH

- 
ions

 
on iron oxide 

surfaces can be determined by surface coordination reactions at oxide-water interface. The pH-

dependent charge of iron oxides results from proton transfers at the amphoteric surface is 

expressed as follows [113]: 

         
                                          

                                   (1.9) 

                                                                                       (1.10) 

where K is apparent acidity constant, and [ ] and { } indicate the concentrations of species in the 

aqueos phase (mole/L) and concentrations of solid species (mole/g), respectively.  

At higher pH negative charges,          , and lower pH, positive charges           
   are 

dominant around Fe3O4. 

1.7.5. Characterization of magnetic nanoparticles 

1.7.5.1. Scanning and transmission electron microscopy (SEM and TEM) 

The information about the size, shape and structure of nanomaterials can be given by using 

microscopic applications. Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) are the two common techniques for the characterization of nanomaterials. A 

common drawback of these techniques is that in some cases particle shape can induce indirect 

modification of the spectroscopic signal and is thus a source of error in these types of 

measurements. Nevertheless, both of these techniques are highly used and effective methods for 

nanoparticles characterization [110]. 
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1.7.5.2. X-ray diffraction (XRD) 

This technique was used for studying the order of atomic structure in crystals. Currently, it is 

used for characterization of nanoparticles. The pattern, position, intensity, and shape of the peaks 

in XRD are all affected by the atomic structure. XRD is also used in mineralogy to compare the 

diffraction pattern of samples. Moreover, the size of nanoparticles can also be derived by using 

XRD pattern because the peak is strongly affected by the particle size [111].  

1.7.5.3. Fourier transform infra-red spectroscopy (FTIR)  

FTIR technique is the common infrared spectroscopy used in many types of analysis. It shows 

the image of the sample with its absorption peaks. In FTIR analysis, the infrared radiation is 

absorbed or transmitted producing fingerprint of the sample. Due to the difference combination 

of atoms in two different compounds, the two compounds never give identical FTIR results. For 

this reason, FTIR analysis produces a positive identification for each different types of substance 

[114].   
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2. MATERIALS AND METHODS  

2.1. Materials  

In this study, hydrated copper chloride and ammonia (25%) were used to prepare the synthetic 

spent etchant solution to simulate the waste effluent generated from the alkaline etching stage of 

PCB. Whereas, Ferric Chloride hexahydrate (0.5 M), Ferrous Chloride tetrahydrate (0.5 M), and 

ammonium hydroxide (4M) were used for the preparation of MNP. The brand of the chemicals 

used in this study was Merch except for ammonium hydroxide which was Vetec brand. 

2.2. Methods 

2.2.1. Preparation of synthetic spent etchant (Copper stock solution) 

The detailed description for preparation of the synthetic spent etchant was as follows: 16.1142 

grams of CuCl2.2H2O and 28.2 mL of NH3 solution (25%) were mixed in 2L of ultra-pure water. 

The mixture was stirred by magnetic stirrer for 20-30 minutes at room temperature until it 

became blue colored, which is the true color of spent ammoniacal etchant. The prepared stock 

solution is shown in Figure 2.1. 

 

Figure 2.1. The produced synthetic spent etchant (copper stock) solution 

2.2.2. Production of magnetite iron oxide (Fe3O4) MNP  

The production of Fe3O4 MNP is clearly described in the following procedures: 20.3g of Ferric 

Chloride hexahydrate (0.5M, Merck) and 9.94g Ferrous Chloride tetrahydrate (0.5M, Merck) 

were added into two different beakers containing 150 and 100mL of distilled water, respectively, 
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and stirred with magnetic stirrer at 250 rpm for 5 minutes. Then, the two solutions were 

combined and stirred again at 550 rpm for 5 minutes. After that NH4OH (4M, Vetec) was added 

until the pH was 9 and the mixture was mixed with mechanical stirrer for 30 minutes. The 

solution was heated for 20 minutes upto 70 
O
C and then cooled to room temperature. After 

cooling, the MNP was separated using magnetic separation. The separated MNP was washed 

with distilled water and then ethanol to eliminate any other contaminants. In another experiment, 

similar solutions were prepared while chitosan, PVP, oleic acid and PVA polymers were added 

to coat the iron oxide. Finally, the MNPs were put in vacuum dried for 24 hours at 100 
O
C. The 

general procedure for the production of MNP is shown in Figure 2.2.  
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Figure 2.2. Diagram showing  MNP production processes [148]. 

 

150 mL distilled water + 20.3 g of 

FeCl3 (0.5 Molar) @70˚C stirred @ 

250 rpm for 5 minutes  

Stirred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

 

The polymers are added and 

stirred @550 rpm for 5 minutes 

ed @ 550 rpm for 5 minutes rred 

@ 550 rpm for 5 minutes 

MNP is sent to Zeta Potential 

& FTIR analysis 

 

100 mL distilled water + 9.94 g of FeCl3 

(0.5 Molar) @70˚C stirred @ 250 rpm for 

5 minutes  

Stirred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

  

The two iron oxide solutions are mixed  

rred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

 
 

4 Molar 100 mL NH4OH, pH = 9   

rred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

 
Mechanically stirred for 30 minutes 

under N2 environment   

rred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

 Heated to 60-70oC for 2 minutes  

rred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

 
Cooled , separated and washed by DIW 

and ethanol  

rred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 

 MNP is put in vacuum dried for 24 

hours at 100°C.  

rred @ 250 rpm for 5 minutes r 5 
minutes Cl3 (0.5 Molar) @70˚C 

Stirred @ 250 rpm for 5 minutes 
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2.2.3. Batch adsorption study 

Batch adsorption studies were performed at 20
o
C in aqueous solutions containing copper (II) 

ions. For this purpose, 50mL of stock solution was added into flasks containing 0.1, 0.2, 0.3, and 

0.4 grams of MNPs. Blank samples were also prepared without the addition of MNP. All flasks 

were sonicated in ultrasound for 15 minutes to homogenize the mixtures and to prevent natural 

aggregation. Batch adsorption experiments were conducted using IKA KS 4000 IC control 

shaker for two hours at 200 rpm and 20
o
C. The initial and final pH were measured after 

sonication and shaking, respectively, and found to be between 9.0-9.5. Then, separations of the 

MNPs were done using magnetic separation technique and the supernatant was collected and 

filtered with syringes. 2% nitric acid was added to the supernatant to remove any black 

precipitation. 100µL of supernatant was taken and diluted 500 times for the determination of the 

remaining concentration of Cu
2+

 ions that were measured using Perkin Elmer AAnalyst 400 

Atomic Absorption Spectrometer (AAS).The adsorbed and removed Cu
2+

 ions were determined 

using the following equations, respectively. 

 

     
       

 
                                                                                                                       (2.1)    

                              
       

  
                                                                            (2.2) 

Where q (t) (mg/g) is the copper ions adsorbed by unit weight of MNP; Co and Ct (mg/L) are 

initial and final Cu
2+ 

ion concentrations, respectively; V (L) is solution volume and m (g) is mass 

of MNP.   
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3. RESULTS AND DISCUSSIONS 

3.1. Adsorption Studies Results 

As explained in section 2.2.3, adsorption studies were carried out in aqueous solutions containing 

the same Cu
+2

 concentrations (3000 mg/L). Except for the blanks and 0.3 grams of chitosan 

coated MNP, for each MNP type 0.1, 0.2, 0.3, and 0.4 grams of MNPs were added into each 

sample flasks as shown in Figure 3.1 (a) and the samples were put in ultrasound bath for 15 

minutes (Figure 3.1 (b)). All the samples were subjected to batch adsorption tests conducted 

using IKA KS 4000 IC control shaker for two hours at 200 rpm and 20
o
C (Figure 3.1 (c)). Then 

separation of MNPs were done using magnetic separation technique (Figure 3.1 (d)) and the 

supernatant was collected and filtered with syringes (Figure 3.1 (e)). Finally 100µL filtered 

solutions were taken from each sample and diluted 500 times to bring the final Cu
2+

 

concentration to a level that is between the measurable concentration ranges for Atomic 

Absorption Spectroscopy (AAS). Then, the final Cu
2+

 concentrations were determined by Perkin 

Elmer AAnalyst 400 Atomic Absorption Spectrometer as shown in (Figure 3.1(f)).  

To investigate the details about adsorption, equilibrium studies were carried out at alkaline pH 

around 9.5 and time conditions needed to reach equilibrium. After copper dosage, the 

equilibrium adsorbed copper concentration (qe) as a function of Cu
2+

 concentration
 
(Ce) was 

plotted in Figure 3.2. As mentioned previously, the MNPs used in this study were chitosan 

coated, PVP coated, oleic acid coated, PVA coated, lab produced Fe3O4 and Aldrich  Fe3O4 

MNPs.. The amounts of copper adsorbed by unit weight of MNPs are calculated according to 

Equation 2.1 and the results are shown in Table 3.1. According to the equation, the highest 

copper ions adsorbed by unit weight of the above mentioned MNPs were 204.6 mg/g, 189.3 

mg/g, 165.3 mg/g, 160.7 mg/g, 23.6 mg/g and 15.4 mg/g, respectively.  
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    (a)                                                 (b)                                                  (c)                                                                                              

                                                

                 (d)                                                  (e)                                                   (f) 

Figure 3.1. Blank and MNP Added Samples (a); Samples in Ultrasound Bath (b); samples in 

Control Shaker (c); magnetic separation of MNP from solution (d); filtration of the solution 

using syringe (e); atomic adsorption  spectrometer (f). 

 

 

Figure 3.2. Ce versus qe (initial Cu
2+

 concentration 989 mg/L, time 2 h, pH 9.5, speed 200 rpm, 

temperature 20
o
C ). 
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Table 3.1. Results of batch adsorption experiments obtained at 20
o
C and pH 9.5 

Type of MNP 
Mass 

(g) 

Ce 

(mg/l) 

qe 

(mg/g) 

Uncoated  Fe3O4 

(lab. Produced) 

0.1 941.75 23.6 

0.2 898 22.8 

0.3 873 19.4 

0.4 847.5 18.1 

    

Uncoated 

Fe3O4 (Aldrich) 

0.1 958.3 15.4 

0.2 941 12.0 

0.3 926 10.5 

0.4 921.5 8.4 

    
Chitosan Coated 

Fe3O4 

0.1 575.8 204.6 

0.2 466.8 130.4 

0.4 448 67.7 

    

Oleic Acid Coated 

Fe3O4 

0.1 655 165.3 

0.2 495.8 123.6 

0.3 430.3 93.1 

0.4 360.3 78.6 

    

PVA Coated 

Fe3O4 

0.1 665 160.7 

0.2 566.8 105.3 

0.3 512.8 79.5 

0.4 449.8 67.5 

    

PVP Coated 

Fe3O4 

0.1 610 189.3 

0.2 498.5 122.3 

0.3 413 95.9 

0.4 391.5 74.6 

 

Figure 3.2 shows adsorption capacity increases with increasing equilibrium copper ion 

concentration in solution. The highest copper ions adsorbed was observed by chitosan coated 

MNP with 204.6 mg/g. This is because the attraction between the negatively charged amine 

groups of the chitosan and the positively charged copper ions in aqueous solution enable more 

copper ions adsorption [115]. The value of maximum adsorption capacity (204.6 mg/g) found in 

this work is higher than many reported results also using amino-functionalized MNPs (∼27 mg/g 

[116]), (∼30 mg/g [117]) and (∼46 mg/g [118]). Based on the study conducted, chitosan coated 

MNPs have also high binding affinity to remove various metal ions and bacteria [119]. The 

general metal adsorption mechanism of metals by chitosan coated Fe3O4 MNP is shown by 

Figure 3.3. The comparison of this study with literature values is given in Table 3.2. 
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Figure 3.3. Metals adsorption mechanism by chitosan coated MNP [115]. 

3.1.1. Effect of MNP amount on adsorption 

The amount of MNP affects the result of the adsorption study.  Therefore, it is highly required to 

know its amount to increase the binding potential of the targeted metal ions [108]. Figure 3.4 

shows the amount of Cu
2+

 ions adsorbed decrease with increasing MNP doses. The decrease in 

adsorption can be interferences of binding sites and high adsorbent dose which causes low metal 

ions regarding binding sites [120]. It can also be the reduction of the surface area of the sorbent 

that is caused by aggregation resulted from high sorbent dose [121]. Furthermore, it may be 

because of the desorption of the weakly attached metals from the MNP caused by high adsorbent 

dose in the solution [122]. Therefore, depend on the above discussions, the highest Cu
2+

 ions 

adsorbed in this study were 204.6 mg/g, 189.3 mg/g, 165.3 mg/g and 160.7 mg/g, 23.6 mg/g and 

15.4 mg/g for chitosan coated, PVP coated, oleic acid coated, PVA Coated, lab Fe3O4 and 

Aldrich Fe3O4 MNPs, respectively, which were obtained at their lowest MNP dosage (0.1gram).  

 

Figure 3.4. Effect of MNPs dosage on the adsorption of Cu
2+

 ions 
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Table 3.2. Comparison of the results with literature data. 

References MNP used 
Coating  

polymer 

Max. Adsorption  

Capacity (mg/g) 
Notes 

This study 

 Fe3O4   

(Aldrich) 
- 15.4 

PH = 9.5, Tem.= 20
o
C, 

Initial Cu
2+

 conc.= 

989mg/L 

 Fe3O4  

(Lab. 

Produced) 

- 23.6 

Chitosan  204.6 

PVP 189.3 

Oleic Acid 165.3 

PVA 160.7 

123 Fe3O4 
1,6-hex- 

adiamine 
25.77 

Maximum adsorption  

occurred at pH 6 and 

temperature 298 K 

124 Fe3O4 Humic acid 46.3 

Removal efficiency 

decreased  

with increasing PH 

from 2 to 9 

125 
Maghemite  

(γ-Fe2O3) 
- 26.8 

Optimum pH was 6.5. 

The adsorption  

reached equilibrium 

within 10 min. 

126 Fe3O4 

Saccharomyces  

cerevisiae 

immibilized on 

chitosan 

144.9 

Optimum pH was 4.5. 

Equlibrium  

achieved in 1 h. 

127 
Fe3O4  

microspheres  

Poly(acrylic acid) 

blended chitosan 
174 

Maximum uptake was 

at pH 5.5 

3.2. Results of Point of Zero Charge 

Since the characteristics of the surface charges of polymers and Fe3O4 MNPs are not the same, 

zeta potentials was performed using potentiometric titration method to check the binding of 

polymers onto Fe3O4. For this purpose, 0.03  gram MNPs were dispersed in 600 mL deionized 

water and titrated to  pH 2-10 using 0.1 M HCl or  NaOH  solution.  

Figure 3.5 shows zeta potential of the whole samples increased with the reduction of pH because 

of the release of H
+ 

ions [128]. As a result, higher pH values are preferred for adsorption of Cu
2+ 
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ions. The result also showed that all MNPs used in adsorption tests had negative surface charges 

around pH 9.5. This is advantageous in such away that the more negative the surface charge is 

the higher adsorption capacity to Cu
2+

 ions [129]. 

 

Figure 3.5. Zeta potential of samples at various pH ranges. 

Based on the zeta potential results of Figure 3.5, the pH of point of zero charge (pHpzc) of the 

two pure Fe3O4 MNPs was found to be around 3.8, which was lower than the values reported in 

literatures. In many studies, the average value of pHpzc of pure iron oxide was around 6.5 [130]. 

The pHpzc of the PVA and PVP coated MNPs also showed almost a similar value with that of 

the pure iron oxides. But, there were remarkable differences in adsorption capacity of Cu
2+

 ions 

among them as described in Table 3.1. On the other hand, the pHpzc of the oleic acid and chitosan 

coated MNPs were found to be around 2.5 and 5.5, respectively. However, in similar with our 

result, lower pHpzc value for uncoated MNPs than coated MNP was reported in some studies 

although the coated MNP showed higher adsorption capacity than the uncoated one [131]. 

Additionally, the figure also shows all the  samples had positive zeta potential at pH lower than 

their respective pHpzc values, this indicates the reaction between the binding sites on the surface 

of MNPs and the Cu
2+

 ions are repulsive. However, when the pH is higher than pHpzc, the 

samples had negative zeta potential as a result the attraction between MNPs and Cu
2+

 ions 

become stronger that results in increasing adsorption [132].  
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3.3. Results of FTIR Analysis  

Magnetic nanoparticles were produced as described in the previous section and characterized by 

FTIR studies, which is used to investigate distribution of binding groups over the surface of 

MNPs due to the formation of the interaction between Fe3O4 and the polymer shells. For this 

reason, the FTIR results of the uncoated Fe3O4, pure polymer and polymer coated Fe3O4 MNPs 

were analyzed and discussed below.  

Figure 3.6 demonstrates the FTIR spectra of the bare Fe3O4 (Fig. 3.6a), pure chitosan (Fig. 3.6b) 

and chitosan coated Fe3O4 MNP (Fig. 3.6c). For the uncoated Fe3O4 MNP, the bands at 3213.43 

and 1622.84 cm
-1 

are caused by stretching and bending vibrations due to the OH
-
 groups

 

adsorbed on the surface of iron oxide nanoparticles, respectively [133]. The two distinct 

absorbent peaks at 543.14 cm 
-1

 and 442.94 cm 
-1

 belong to the stretching vibration of Fe–O 

bonds in the octahedral and tetrahedral sites that confirm the formation of Fe3O4 MNP [134]. The 

region between 3200 cm
-1

 to 1630 cm
-1

 is featureless, indicating the sample is free of absorbed 

water [135]. Due to unavailability of a reference, the researcher could not find the causes of the 

peaks at 1435.84 cm
-1

, 1048.09 cm
-1

 and 819.67 cm
-1

. The FTIR result and explanations for the 

pure Fe3O4 MNP are valid throughout this study.  

 

Figure 3.6: FTIR studies of (a) pure Fe3O4; (b) pure chitosan; (c) chitosan coated Fe3O4 MNP 
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belongs to bending vibration of N–H (secondary amide). Whereas, the peaks at 1417.65, 1377.90 

and 1322.79 cm
−1

 are correspond to CH3 groups of the polymer [136]. The peaks around 1059.16 

and 1026.97 cm
−1

 are caused by stretching vibration of C-O bond. These peaks are also found in 

the coated sample almost with the same intensities [108]..  

The FTIR spectrum of chitosan coated Fe3O4 MNP is appeared in Figure 3.6c. The peak at 

2845.49cm
−1

 is attributed to C-H bond of methylene group of chitosan. The absorption bands 

appeared at 1572.55 and 1370.02 cm
−1

 correspond to N–H and C-N bending and stretching 

vibrations, respectively. The absorption peaks at 547.23 and 455.11 cm
−1

 are resulted from Fe–O 

group which shows that chitosan was coated on Fe3O4 MNP effectively [137]. In this spectrum, 

the highest absorption peak observed at 3746.92 cm
−1

 varied from the reported value, and the 

researcher suggested it might be caused by the stretching vibration of OH
-
 group. Table 3.3 

summarizes the FTIR results of pure iron oxide, chitosan and chitosan coated iron oxide. 

Table 3.3. FTIR spectra of pure iron oxide, chitosan, and chitosan coated iron oxide 

Description band (1/cm) Groups 

Bare  

 Fe3O4  

3213.43 *ᴠ (OH- ) 

1622.84 **δ (OH-) 

543.14 ᴠ (Fe–O) 

442.94 ᴠ (Fe–O)  

1435, 1048 Uknown 

      

Pure  

chitosan 

3355.16 ᴠ (OH- ) 

2870.99 ᴠ (C-H) 

1590.86 δ (N-H) 

1417.65 CH3 

1377.9 CH3 

1322.79 CH3 

      

   Chitosan 

coated 

 Fe3O4  

2845.49 C-H 

1572.55 δ (N-H) 

1370.02 ᴠ (C-N) 

547, 455  (Fe–O) 

        *ᴠ indicates stretching vibration and **δ indicates bending vibration 
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In another study, it was reported that the peak at 1150 cm
−1

 (Fig 3.6b) which is caused by 

vibration of motion of C-O-C group in pure chitosan [138] shifted to around 1058 cm
−1 

in the 

coated sample, and relatively high amide absorptions were observed in the chitosan coated Fe3O4 

MNP than in the pure chitosan. This indicates the presence of a strong hydrogen bond between 

the oxygen atom of iron oxide and the hydrogen atom of the amino group (-NH2) of the chitosan. 

This makes sure that it is the amino group not the hydroxyl group (-OH) that is necessary for the 

binding of chitosan on Fe3O4 particle as shown in Figure 3.7 [139]. 

. 

 
Figure 3.7. Reaction between NH2 group chitosan and Fe3O4 [139].  

FTIR analysis of uncoated Fe3O4, pure oleic acid and oleic acid coated Fe3O4 MNP is shown in 

Figure 3.8. The FTIR analysis of the pure Fe3O4 has been already discussed above. Here, the 

FTIR study of the pure oleic acid and oleic acid coated Fe3O4 MNP are discussed. In the case of 

the first (Fig. 3.8b), the bands around 2922.72 and 2853.70 cm
-1

 are caused by the asymmetric 

and symmetric stretching vibration of CH2. An absorption band around 1707.93 cm
-1

 belongs to 

the stretching vibration of carboxyl group. The O–H in-plane and out-of-plane appear around 

1457.57 cm
-1

 and 934.24 cm
-1

, respectively. The characteristic peaks around 1284.28 cm
-1

 

corresponds to the bending vibration of C–O [140].  

 

Figure 3.8. FTIR studies of (a) pure Fe3O4; (b) pure oleic acid; (c) oleic acid coated Fe3O4 
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The FTIR result of oleic acid coated Fe3O4 MNP is plotted in Figure 3.8c. Comparing with the 

study of pure oleic acid, the CH2 asymmetric and symmetric stretching vibrations shifted to 

lower frequency regions of 2915.00 and 2846.85 cm
-1

, respectively. The sharp peak at 1707.93 

cm
-1

 disappeared in Figure 3.8c, but new peak is observed at 1514.99 cm
-1

 which corresponds to 

the asymmetric stretching vibrations of C=O group. This assures that binding of oleic acid with 

Fe atoms of iron oxide takes place by the help of C=O groups of oleic acid as shown in Figure 

3.9. There are also characteristic peaks at 1403.09 and 551.14 cm
-1

 which are due to bending and 

stretching vibration of C-H and Fe-O bonds, respectively [141]. In the spectrum of the coated 

sample, the highest peak was observed at 3789.92 cm
-1 

where the researcher was unable to 

explain its source because of absence of a reported data. The FTIR spectra of uncoated iron 

oxide, pure oleic acid, and oleic acid coated iron oxide is summarized in Table 3.4. 

Table 3.4. FTIR spectra of pure iron oxide, oleic acid, and oleic acid coated iron oxide 

Description band (1/cm) Groups 

Bare  

 Fe3O4  

3213.43 ᴠ (OH- ) 

1622.84 δ (OH-) 

543.14 ᴠ (Fe–O) 

442.94 ᴠ (Fe–O) 

      

Pure  

oleic 

acid  

2922.72 Vas (CH2) 

2853.7 Vs (CH2) 

1707.93 ᴠ (C=O  ) 

1457.57 O-H in plane 

934.24 O-H out of plane 

1284.28 δ (C-O) 

      

     Oleic 

acid coated 

 Fe3O4  

2915 Vas (CH2) 

2846.85 Vs (CH2) 

1514.99 Vas  (C=O  ) 

1403.09 δ (C-H) 

551.14 ᴠ (Fe–O) 
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Figure 3.9: bond formation between oleic acid and the iron atom [141]. 

FTIR analysis of pure iron oxide, pure PVA and PVA coated Fe3O4 is displayed in Figure  

3.10. The peak at 3273.56 cm
-1

 in the pure PVA (Fig. 3.10b) is resulted from the O-H stretching 

vibration of the alcohol group in the polymer. However, this band shifted considerably to lower 

energy (3113.04 and 3007.25 cm
-1

) for PVA coated iron oxide MNP (Fig. 3.10c). This is the 

evidence that approves the coating of PVA polymer onto Fe3O4. The absorption bands at 2907.92 

and 1658.68 cm
-1

 are attributed to C-H stretching bonding and O-H bending, respectively. The 

absorbent peaks observed at 1417.54 cm
-1

 and 1325.00 cm
-1

 are from the contributions of CH2 

and C-O-H groups, respectively. The absorbent band at 1088.10 cm
-1

 is resulted from out of 

phase of C-C-O stretching, whereas the band around 843.66 cm
-1

 is due to C-C skeletal 

stretching of PVA polymer [142]. 

 

Figure 3.10. FTIR studies of (a) pure Fe3O4; (b) pure PVA; (c) PVA coated Fe3O4 
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vibration of C-O bond [144]. The contribution of metal is shown by the presence of peaks at 

1047.63 cm
-1

 in relation with the absorption bands from 543.58 cm
-1 

to 411.28 cm
-1

, which are 

attributed to stretching vibration of M-O-C (M=Fe) [143]. The FTIR spectra of uncoated iron 

oxide, pure PVA, and PVA coated iron oxide is summarized in Table 3.5. 

Table 3.5. FTIR spectra of pure iron oxide, pure PVA, and PVA coated iron oxide 

Description band (1/cm) Groups 

Bare  

 Fe3O4  

3213.43 ᴠ (OH- ) 

1622.84 δ (OH-) 

543, 442.9 ᴠ (Fe–O) 

      

Pure  

PVA  

3273.56 ᴠ (OH- ) 

2907.92 ᴠ (C-H) 

1658.68 δ (OH-) 

1417.54 CH2 

1325 C-O-H  

1088.1 V (C-C-O)  

843.66  V (C-C) 

      

PVA coated 

 Fe3O4  

3113, 3007 ᴠ (OH- ) 

2913.7 Vas (CH2) 

2804.89 Vs (CH) 

1394.19 δ (C-H) 

1047.63 V(C-O) 

543, 411 ᴠ (Fe–O) 

The FTIR results of pure Fe3O4, PVP and PVP coated Fe3O4 MNP samples are shown in Figure 

3.11. According to the result, the peak at 3445.16 cm
-1

 for pure PVP (Fig. 3.11b) is due to 

stretching vibration of O-H. This peak was shifted to 3212.96 cm
-1

 after coating of PVP on iron 

oxide MNP (Fig. 3.11c). The absorption peak at 2950.03 cm
-1

 is from asymmetric stretching 

vibration of C-H group of N-vinyl pyrrolidone. The vibrational bands resulted from the carboxyl 

group (C=O) shifted from 1659.51 cm
-1

 and 1651.96 cm
-1

 (Fig. 3.11b) to 1622.54 cm
-1

(Fig. 

3.11c) after coating. New absorption peaks appeared for pure PVP in the ranges 1460.65
 
to 

1315.41 cm
-1

 and 1284.16 to 1167.82 cm
-1

. The peaks in the range 1460.65 and 1315.41 cm
-1

 are 

attributed to bending  vibration of C-H group of N-vinyl pyrrolidone and cyclic deformation of 

cyclic CH2. Whereas the peaks in the 1284.16 and 1167.82 cm
-1

 are due to stretching vibration of 
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C-N and territory (3
o
)

 
amide groups. The absorbent peaks at 546.75 and 435.01 cm

-1 
for PVP 

coated MNP belong to Fe-O bond. The shifting of the bands are the indications of the interaction 

between the PVP and Fe ions (Fig.3.11c)
 
[145].  

 

Figure 3.11. FTIR studies of (a) pure Fe3O4; (b) pure PVP; (c) PVP coated Fe3O4 

The FTIR spectra of uncoated iron oxide, pure PVP, and PVP coated iron oxide is summarized in 

Table 3.6. 

Table 3.6. FTIR spectra of pure iron oxide, pure PVP, and PVP coated iron oxide 

Description band (1/cm) Groups 

Bare  

 Fe3O4  

3213.43 ᴠ (OH- ) 

1622.84 δ (OH-) 

543, 442.9 ᴠ (Fe–O) 

      

Pure  

PVP  

3445.16 ᴠ (OH- ) 

2950.03 Vas (C-H) 

1659, 1651.9 C=O 

1460-1315 δ (C-H) 

1284-1167.8  V(C-N) 

      

PVP coated 

 Fe3O4  

3212.96 ᴠ (OH- ) 

1622.5 C=O 

546,435 ᴠ (Fe–O) 
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For the purpose of comparison, the FTIR studies of the two uncoated iron oxide were analyzed 

and the graphs are shown in Figure 3.12. In the lab produced Fe3O4 (Fig. 3.12a), the peaks at 

3213.43 and 1622.84 cm
-1

 belong to stretching and bending vibrations of the OH
- 

groups 

adsorbed on the surface of Fe3O4 MNP, respectively [133]. However, in the Aldrich Fe3O4 (Fig. 

3.12b), these values shifted to higher peaks of 3789.92 and 1734.64 cm
-1

, respectively. 

Moreover, in Figure 3.12a, two peaks were observed at 543.14 cm 
-1

 and 442.94 cm 
-1

 which 

correspond to the stretching vibration of Fe–O bonds in the octahedral and tetrahedral sites, 

respectively [134]. Nevertheless, in the Aldrich MNP, only one peak was observed at 534 cm
-1

. 

Furthermore, the absorbent bands around 1435.35 and 1048.09 cm
-1

 (Fig. 3.12a) seem be shifted 

to 1367.4 and 1074.34 cm
-1

, respectively (Fig. 3.12b). In addition, new absorbent peaks were 

observed for the Aldrich MNP in the ranges 2846 and 1735 cm
-1

. In contrast, this region was 

featureless for the lab Fe3O4 indicating the sample is resistant to uptake of water [135]. 

 

 

Figure 3.12. FTIR studies of (a) pure Fe3O4 (lab Produced); (b) pure Fe3O4 (Aldrich) 

The FTIR spectra of the laboratorial and commercially produced iron oxide  is summarized in 

Table 3.7. 
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Table 3.7. FTIR spectra of lab. Produced and Aldrich iron oxide 

Description band (1/cm) Groups 

 Lab. Fe3O4  3213.43 ᴠ (OH- ) 

  1622.84 δ (OH-) 

  543.14, 442.94 ᴠ (Fe–O) 

  1435, 1048 Uknown  

      

Aldrich Fe3O4  

3789 May be ᴠ (OH- )  

1734 May be δ (OH-) 

534 ᴠ (Fe–O) 

2846-1735 Uknown  

1367, 1074 Uknown  

3.4. Discussions 

Various studies were conducted to treat water streams contaminated with heavy metals using 

bare and coated MNPs. In this study too, it was tried to compare the adsorption capacities of the 

bare and various polymer coated MNPs in removing Cu
2+

 ions from wastewater originated from 

alkaline spent etchant. According to our results, the adsorption capacity of Cu
2+

 ions of the 

uncoated MNP (lab. Produced Fe3O4) was 23.6 mg/g with removal efficiency of 53% (data not 

shown). Nearly, similar copper adsorption result (26.8 mg/g) was reported by researchers in their 

study to remove metals from electroplating using uncoated Maghemite (γ-Fe2O3) MNP [125]. 

Additionally, in the result of another study, 15 mg/L and 40.5 mg/L of adsorption of Cu
2+

 ions 

were achieved from wastewater by the use of bare and coated γ-Fe2O3 MNPs, respectively [146]. 

The results of adsorption are highly affected by the type of polymers used to coat/modify the 

MNPs. In the research conducted on chitosan-coated MNP, it was reported the adsorption for  

Cu
2+

 ions were 39 mg/g and 66 mg/g at 18
o
C and 35

 o
C, respectively [108]. Besides, the highest 

adsorption for Cu
2+

 ions obtained using Fe3O4 MNP coated with Carboxymethyl-β-cyclodextrin 

polymer was 47.2mg/g at 25 °C [147]. Nevertheless, high adsorption capacity of copper 

(maximum 625 mg/g) was also reported using   glycine-functionalized γ-Fe2O3 MNP (131).  

In the case of our study, the highest copper ions adsorbed by unit weight of magnetic 

nanoparticles were achieved by chitosan and PVP polymer coated MNPs with 204.6 and 189.3 



43 
 

mg/g, respectively. Comparable results were also obtained using oleic acid (165.3 mg/g) and 

PVA (160.7 mg/g) coated MNPs. In addition, the adsorption result obtained by the bare MNP in 

our study (23.6 mg/g) was almost similar with even the result obtained using the amino-

functionalized MNPs with maximum adsorption capacity of 25.77 mg/g) (123). Depending on 

these results it can be said that our works were not only consistent with literatures but also 

showed better results than some previous studies. 

The researcher tried to find out the possible reasons for the differences in adsorption capacities 

between this study the reported values, and it is suggested one of the following might be the 

reason:  

1. The type of polymers used for coating MNPs  

2. Presence of interferences that compute with the targeted metals for the same binding sites 

3. The temperature and pH at which batch adsorption experiment is conducted. 

4. The initial Cu
2+

 concentration differences. 

Most adsorption experiments are conducted at room temperature. However, in order to obtain the 

optimum temperature where highest adsorption occurs, some researchers use different adsorption 

temperatures. In some studies, increasing temperature results in increasing adsorption capacities 

and vice versa. However, in our study constant temperature (20
o
C) was used for the all 

adsorption experiments. For the case of pH, most adsorption studies are carried out at lower or 

neutral pH. This is because Cu
2+

 ions would precipitate as Cu(OH)2 at high pH values (132). 

However, the pH of the waste solution in our study was high (around 9.5). Despite this, high 

adsorption capacities for Cu
2+

 ions were obtained. 

Furthermore, the effect of pH on metal adsorption is also explained in relation with point of zero 

charge that is obtained from zeta potential analysis. For most adsorption studies, the pHpzc for the 

bare Fe3O4 MNP is in the range 6-7, and shifts to lower value for the coated MNPs. It was also 

stated at pH higher than pHpzc, the MNP surface is negative and metal adsorption is expected. 

But, when the pH is lower than pHpzc, metal adsorption is reduced nearly to zero because the 

MNP surface is positive (132). However it was not true in the case of Copper ions. It was 

observed at a pH lower than pHpzc, copper ions were still adsorbed onto γ-Fe2O3 MNP. This is 

thought because of ion exchange between Cu
2+

 and H
+
 in this pH range [125]. 
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In contrast, the zeta potential results of this study showed the pHpzc values of the bare Fe3O4 

MNP was found to be around 3.8, which was lower than the reported values and nearly similar to 

the pHpzc of PVA coated and PVP coated MNPs. The lowest and highest pHpzc values were 

observed for oleic acid coated and chitosan coated MNPs which were around 2.5 and 5.5, 

respectively. However, there was still high adsorption of copper ions (165 mg/g) onto the surface 

of oleic acid coated MNP although it had the lowest pHpzc value. 

One of the most important parameters believed to be the reason for the differences in adsorption 

capacities in various adsorption studies is initial Cu
2+

 concentration. This is related to Chatelier’s 

principles, which states increasing the concentration of a reaction results in increasing the 

reaction rate because the frequency of successful collisions of the reactants would increase. 

Based on this principle, when the initial copper concentration of the solution increases, the 

equilibrium adsorption for the targeted ions also increases. The adsorption study conducted on 

different initial Cu
2+

 concentration for the removal of Cu
2+

 using amino-functionalized magnetic 

nanoparticles also showed Cu
2+

 adsorption increased when initial Cu
2+

 ion concentrations of the 

solution increased [123]. However, in our study, similar initial Cu
2+

 concentration (989 mg/L) 

was used for the whole experiments.  

The FTIR results of our study showed some unique characteristics comparing with the reported 

values. For example, high adsorption peaks (up to 3750 cm
−1

) were observed for pure Fe3O4 

(Aldrich), chitosan coated and oleic acid coated MNPs. Moreover, it was observed that there 

were also FTIR result differences between the two pure Fe3O4 MNPs. The region between 3200-

1630 cm
-1

 in the spectrum of the lab produced Fe3O4 MNP was featureless. This  indicates that 

there was no absorption in this region. In contrast, in the case of Aldrich Fe3O4 MNP three 

adsorption peaks were observed in this region. However, the researcher could not find out the 

exact reason(s) for these variations.   
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4. CONCLUSIONS 

In this paper, the adsorption capacities of the pure and polymer coated Fe3O4 MNP in removing 

Cu
2+

 ions from alkaline spent etchant solution were studied. The polymers used to coat the MNP 

were chitosan, PVP, PVA and oleic acid. The MNP was produced in Marmara University. The 

commercial iron oxide MNP (Aldrich) was also used in this study to compare its adsorption 

capacity with that of the MNP produced in our university. 

The results of the adsorption experiment showed that high adsorption of Cu
2+

 ions were observed 

by the polymer coated MNPs than the uncoated MNPs. The maximum copper adsorptions 

achieved were 204.6, 189.3, 165.3 and 160.7 mg/g for chitosan, PVP, oleic acid and PVA coated 

MNPs respectively. The highest adsorption of copper in chitosan coated MNP is due to the 

strong attraction between amine group of chitosan and and cu
2+

 ions. The lowest copper 

adsorptions were achieved by the lab produced and Aldrich Fe3O4 MNP with highest adsorption 

capacities of 23.6 and 15.4 mg/g, respectively. The adsorption results of this study were 

consistent with literature values and better adsorption results were even obtained by some MNP 

types.  

The point of zero charge, which is an important property of MNPs, was also determined by 

measuring their zeta potentials. According to the result, the uncoated Fe3O4 MNPs showed lower 

pHpzc than the reported values. Zeta potential of the samples decreased when pH increased and 

the whole MNP types used in this study showed negative zeta potential at higher pH. As a result 

the surface charges of the MNPs became negative at pH around 9.5. Therefore, higher pH is 

preferable because it enhances Cu
2+

 ions adsorption on MNP surfaces.  

The only MNP characterization methods used in this study was FTIR. Even though some unique 

characteristic peaks were observed in some samples, all the FTIR results showed the successful  

attaching of polymers on the surface of Fe3O4 MNPs.  

In summary, from the results of this study it can be concluded that surface coated MNPs can 

provide better adsorption results than the uncoated MNPs and can widely be applied for the 

adsorption studies in removing copper and other heavy metals from water and wastewaters. 

Finally, the researcher suggests the following directions for future work: 
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 The present study was conducted in lab-scale operation. It is suggested to develop 

            a continuous adsorption process which will be more suitable for an industrial process. 

 Analyze the effects of external factors such as time and temperature on the adsorption 

processes.  

 Conduct desorption experiment to reuse the MNPs again to minimize the cost and time 

for producing MNPs.  

 Conduct experiments using these MNPs to examine their adsorption capacities in 

removing other heavy metals from water/wastewater.  

 This study was conducted on the synthetic wastewater. It is suggested to conduct on the 

real wastewater. 
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