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ABSTRACT 

The semiconductor industry has been growing at a fast pace in the last several 

decades and this growth is expected to continue in the future.  One process that is 

repeated several times in a microchip fabrication is the Chemical Mechanical 

Planarization (CMP).  CMP is a critical process that must be employed after the metal 

deposition step to eliminate any topography over which the next layer must be processed.  

Today, copper interconnect is widely used.  In addition to possess a high resistance to 

electro migration effects and low electrical resistivity, copper techniques require fewer 

(approximately 25 percent) processing steps.  CMP and post-CMP cleaning processes are 

projected to account for 50 percent of the water consumed by fabrication’s ultra pure 

water.  While there are a variety of treatment schemes currently available for the removal 

of heavy metals from CMP wastewater streams, many introduce additional chemicals to 

the process, have large space requirement, or are not effective.  Polyethyleneimine (PEI) 

is well known to use in the ion metal affinity chromatography (IMAC) due to the great 

metal ion binding abilities.  While work has been conducted on the use of PEI on 

membrane filtration for binding metals from industrial wastewaters, the experiments 

performed in this research are novel with respect to the waste (Cu CMP) treated as well 

as the method of packed bed column treatment.  This research focused primarily on the 

study of an alternative technique to remove both metal ions and metal-chelated 

complexes from Cu CMP wastewater streams.  Not only copper, wastewater often 
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contains chelating agents, surfactant, organic compounds, and inhibitors.  Thus, most of 

the time copper ions form complexes with chelating agents, which made typical ion 

exchange resins ineffective.  The work, then, explored the effect of components typically 

found in Cu CMP waste streams on the binding of copper ions to PEI.  The competitive 

binding of copper between PEI and other complexing agents were also investigated.  A 

secondary focus of this study was to fully develop and characterize the column 

performance and behavior.  This includes the understanding of the chemistry of CMP 

waste characterization.  This treatment technique using a PEI packed bed column showed 

great copper binding capacity.  The column is capable of removing Cu CMP waste 

streams, which contain both copper ions and copper complexes, due to the unique ability 

of PEI that can play both cation and anion exchanger roles.  This waste treatment 

technique is feasible for the semiconductor industry as large volumes of copper 

contaminated solutions from actual waste can be concentrated twelve-fold for metal 

recovery using hydrochloric acid.  The adsorbent can be regenerated more than hundred 

of times with changing in the performance and the reproducibility.   
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1.  INTRODUCTION 

Global consumer electronics markets are evolving rapidly, with many products 

being rendered obsolete by recent technological advances including home entertainment, 

home information, communications, electronic gaming, portable entertainment, and in-

vehicle technologies along with their corresponding accessories.  In the U.S. alone, the 

growth of consumer electronics increased 48.8 billions of dollars from 2003 to 2007, 

based on the Consumer Electronics Association (CEA, 2007).  This has certainly driven 

up the already high demand for semiconductor device fabrication since they are a critical 

component of electronic products.  The semiconductor industry has been growing at a 

fast pace in the last several decades and this growth is expected to continue in the future 

as the Semiconductor Industry Association’s (SIA, 2007) project total sales of $306 

billion in 2010 rising from $252 billion in 2007.  

As the commitment to Moore’s Law, which is attributed to Gordon E. Moore, 

semiconductor fabrication is trying to keep pace with the acceleration of the technology.  

Figure 1.1 illustrates the exponential increase in the number of transistors integrated into 

processors and other leading platform ingredients according to Intel.  The next-generation 

consumer applications continue to fuel innovation and increase advanced device 

developments.  For instance, while the 45 nm technology is being introduced into high 

http://en.wikipedia.org/wiki/Gordon_Moore
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volume production (by the end of 2007), research today is focused on 32 nm and below 

CMOS processes, continuing to follow the aggressive scaling path of Moore’s Law (Intel, 

2007).  Whether the primary design objective is to optimize low-power operation, speed, 

high energy efficient platforms, or cost of advanced consumer products, the 

implementation plan must consider the relatively short product life cycle and the rapid 

and timely introduction of the product to a high-volume manufacturing environment.  

 

 

Figure 1.1  Moore’s Law illustrated by Intel® benchmarks. 
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Driven by the need to constantly exceed the current demands for capacity, speed, 

size and making faster, smaller, and more powerful integrated circuits (IC), smaller sized 

transistors are packed into increasingly more complex device architectures.  This also 

involves more processing steps and new chemicals and technologies.  Manufacturing is 

also moving towards a larger wafer size (i.e., 450 mm wafer) by 2015 in order to increase 

the amount of die per wafer, thus, lowering the production cost (Jones, 2005). 

An impressive series of technological advancements have helped maintain 

momentum year after year, including the development of entirely new process 

technologies such as chemical mechanical planarization (CMP).  First introduced by the 

Monsanto Company in 1962, CMP began as a process used to prepare single-crystalline 

silicon wafers for the fabrication of IC (Walsh et al., 1965; McIntosh et al., 1980).  

Within the past 40 years, the performance requirements imposed on the CMP process 

have dramatically changed based on the evidence of growth and the current production of 

ultra large scale integrated (ULSI) circuit devices.  In view of all the current applications 

of CMP in ULSI technology, the primary purpose of the CMP process remains the same 

since its inception: to yield a planar and defect free (i.e., scratches, dishing, erosion, etc.) 

die-level and wafer-level surface (i.e., local and global scale respectively), using the 

combined action of chemistry (i.e., chemical slurry) and mechanics (i.e., applied 

pressures and sliding velocity).  In attaining this goal, CMP in turn enables the fabrication 

of multi-level ULSI devices in two respects: (1) Providing a suitable surface for 
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patterning steps through the reduction of local and global level topography. (2) Providing 

an anisotropic approach of removing deposited inter-level metals in order to yield optimal 

structural and resistive uniformity among every individual inlaid interconnect structure 

(this is also known as a damascene process). 

Prior interconnect technology had been based upon the use of aluminum 

conductors, but in order to keep up with the demands for performance speeds and 

reduced energy consumption, the IC industry needed an alternative to aluminum as the 

sole interconnect material.  The intrinsic properties of aluminum make it such that it 

cannot handle high power density applications.  This is primarily due to aluminum’s low 

resistance to electro migration, or the process of metal atoms diffusing (metal thinning) as 

a result of bombarding electrons carried by transferred currents 

(http://semiconductorglossary.com, 2005).  In 1997, IBM first announced its successful 

integration of copper for metal wiring at 220 nm node, since then, copper has been used 

as the metal wiring for multilevel interconnections.  Compared to aluminum, copper was 

shown to possess a high resistance to electro migration effects and low electrical 

resistivity.  In addition to these desired properties, the implementation of copper also 

meant a reduction in fabrication cost.  This was due to the fact that copper techniques 

required fewer (approximately 25 percent) processing steps (Singer, 1998). 

As copper line widths decrease with advancing technology nodes, the dependence 

of copper conductivity on variations in the line thickness is significantly increased.  The 

http://semiconductorglossary.com/
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electrical performance of devices constructed using the copper damascene process 

depends largely on the metal loss and topography generated by copper CMP (Cu CMP).  

High-throughput Cu CMP processes currently in production are based on a three-step 

model: bulk copper removal at high-rate; residual copper removal at low-rate; and barrier 

removal (Bennett et al., 2004).  As a consequence, one of CMP’s biggest drawbacks has 

been its generally high cost of ownership (COO) in terms of water consumption and 

waste treatment (i.e., copper and chemical slurry waste). 

High production volumes in semiconductor fabrication facilities (fab) bring forth 

a large amount of water consumption (running the risk of overexerting natural resources) 

as well as increasing the amount of wastewater discharged into the environment.  The 

industry estimates the amount of ultra pure water (UPW) that current and future 

semiconductor fab will use are in the order of one to three million gallons of UPW per 

day (Degenova & Shadman, 1997).  This quantity is not the amount of municipal feed 

water that will be required, but the estimated amount of UPW usage.  The actual demand 

on the municipal feed water supply is approximately 25 percent greater than the quantity 

of UPW required, due to water losses occurring during the purification processes.  In fact, 

the CMP process can consume as much as 50 percent of the fab’s UPW (Mallela et al., 

2002).  

These concerns are important and have been continually addressed by the 

semiconductor industry through the International Technology Roadmap for 
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Semiconductors (ITRS).  The ITRS is primarily focused on the technology required for 

advanced semiconductors, which involves creative and innovative solutions.  This report 

is a cooperative study done by government organizations, academics, semiconductor 

industries as well as private companies worldwide.  Environment, safety, and health 

(ESH) are considered a crosscut technology within the ITRS.  ESH issues associated with 

these innovative solutions must be evaluated, as they are being developed and considered 

for full-scale manufacturing.  Early identification of ESH issues enables technology 

solutions to be introduced in a timely manner and ensures that necessary, appropriate 

ESH safeguards are implemented.  It also prevents ESH show stoppers and reduces ESH 

risk and cost.  In the 2003 edition, ITRS identified that efforts must be made to develop 

the lowest ESH impact CMP and post-CMP clean chemistries while reducing overall 

water requirements.  Water recycle and reclaim for CMP and post CMP cleans is also a 

potential solution for water use reduction.  Also in the 2006 edition, ITRS has added 

optimization of CMP water uses at idle as a potential ESH solution.  In order to meet 

these targets, there is a need to develop new and innovative recycle and reuse 

technologies, as well as strategies and technologies for optimization of UPW usage.  

 Current efforts and studies in overall water conservation have been focusing on 

reuse, recycle and reduction.  For Cu CMP waste management, current strategies are 

looking at the development of a unit that is designed to segregate process wastewater at 

the point of use, diverting the reusable water for recycling while concentrating the slurry 
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waste going to the facility’s central ultrafiltration treatment system and copper ion waste 

going to ion exchange treatment process (Browne et al., 2000).  By treating the CMP 

waste at the point of use, the reduction of COO at the end of pipe is significant. 

 Ion exchange has been known as one of the most effective techniques in treating 

metal ions as several studies have been published (Goddard, 1975; Maji et al., 1978; Li, 

1991; Li, 2005).  However, one of the major drawbacks of ion exchange is its incapability 

to remove the counter ions that have the same charge as the resins.  According to the 

CMP waste characteristic, CMP slurry always contains complexing agents, which bind 

with metal ions.  In addition, the net charge of metal-chelated complexes is anionic 

compared to the cationic metal ions (Juang & Chen, 1997; Chen & Wu, 2000; Chu & 

Hashim, 2000).  These issues have driven researchers to propose alternative technologies 

for ion exchange.          

1.1 Research objective 

 This research focuses primarily on the study of an alternative technique to remove 

both metal ions and metal-chelated complexes from Cu CMP wastewater streams at the 

point of use.  This technique should help limit the use of oxide chemicals for the 

pretreatment process and also reduce the COO.  Due to the complexity of Cu CMP 

wastewater, the slurry particles were first removed using ultrafiltration.  The treatment of 

copper was then carried out using chelation technology.  
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A secondary focus of this study was to fully develop and characterize the column 

performance and behavior.  This includes understanding of the chemistry of CMP waste 

characterization.  The last approach was to apply a binding technique directly to the CMP 

pad in order to treat copper during the polishing process.   

1.2 Copper contamination 

The uses of heavy metal copper have been extremely substantial since the 

Industry Revolution began.  Although copper has seriously affected the environment, the 

industrial consumption rate has increased every year due to its excellence in electrical 

conductivity.  Besides being a good electrical and thermal conductor, copper’s other 

properties include being tough, ductile, easily joined, easy to alloy, non magnetic and it 

also has an attractive color.  Copper is used in construction materials, electronic products, 

jewelry and ornaments, coins, and transportation equipment (Kutz, 2002). 

Copper ions are highly toxic to aquatic species.  When released into the aquatic 

environment, copper can cause damage to a variety of fauna, specifically fish and 

invertebrates.  Usually copper metal is insoluble in water, but due corrosion, the copper 

ionic forms, Cu+ ion and Cu2+ ion, exist in water.  The corrosivity of water to copper is 

influenced by a variety of factors.  These factors include the duration of contact between 

the water and copper metal, and water quality parameters such as acidity, alkalinity, 

dissolved inorganic carbonate and calcium, water temperature, and dissolved oxygen 

http://www.schoolscience.co.uk/content/4/chemistry/copper/copch0pg5.html#easi
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content.  Acidity is the most significant of these parameters.  Waters with high acidity are 

associated with the highest levels of copper corrosion (US EPA., 1991).  In the human 

body, copper is regulated homeostatically and is considered an essential micronutrient.  

However, if humans are exposed to copper levels of above 1.3 mg/L for short period of 

time, stomach and intestinal problems occur (Molinari et al., 2004).  In addition, long-

term exposure to Cu2+ ions (the principal toxic copper species) leads to lesions in the 

kidney, liver, and brain damage (Sullivan & Krieger, 1992).  Thus, copper ions are 

regulated under the Safe Drinking Water Act (SDWA).  The maximum contaminant level 

goal (MCLG) is set at 1.3 mg/L.  The national primary drinking water regulation 

(NPDWR) consists of a treatment technique that includes corrosion control treatment, 

source water treatment, and public education (EPA, 1996).  The median lethal 

concentration (LC50) values for freshwater invertebrates is generally less than 0.5 mg/L, 

and for fish the range is between 0.017-1.0 mg/L (Wase & Forster, 1997). 

In semiconductor manufacturing, typical Cu CMP effluent concentrations range 

from 5-500 mg/L copper, therefore this industry must pre-treat copper bearing 

wastewaters prior to discharge.  Copper can be found in effluents in several different 

forms: as free cupric ion (i.e., Cu2+), attached to silica particles coming from slurries, 

precipitated as copper hydroxide (i.e., Cu(OH)2) or bound to a complexing agent.  

Dissolved copper is regulated under the Clean Water Act (CWA).  Particulate copper is 

regulated under the CWA if it is carried by a waste stream or under the Resource 
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Conservation and Recovery Act (RCRA) if it ends up in a sludge that eventually is 

converted to solid waste and disposed of in a landfill.  Both cases occur in actual 

situations (Maag et al., 2000).   

1.3 Integrated Circuit Metallization 

Under the forecast set forth by Moore’s law, IC manufacturers were faced with 

the reality of having to reduce device feature sizes to meet expectations.  The key is to 

miniaturize the microchip (or nanochip) leading to decreases in overall device size, 

allowing more transistors to be put on a single chip, thereby increasing the packing 

density and reducing the overall cost of function (Hutcheson, 2004).  Furthermore, 

decreases in device size (feature length) have increased device speeds and decreased 

power consumption. In fact, today, Intel can cram almost one billion transistors on a 

single microchip (Penenberg, 2005).  Continued shrinking of IC device dimensions has 

placed high-performance demands on the copper/tantalum nitride interconnection 

network currently in use for high volume manufacturing of microchips.  As the industry 

strives towards reaching new levels of design complexity and feature lengths of nearly 

0.13 μm, the tool and process capabilities that will be required for such fabrication will 

also require extremely high degrees of repeatability, uniformity and yield (ITRS 

roadmap, 2003).  One such process is CMP. 

 

http://www.reed-electronics.com/electronicnews/article/CA6273104.html
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1.3.1 Copper for Device Metallization 

 Generally IC are built on a bare silicon wafer base.  The circuits include a large 

number of different components, such as transistors, capacitors and other electronic 

device that are connected by multiple layers of wiring, or interconnects.  A brief 

description of the process is provided here.  First silicon dioxide is formed on the bare 

silicon wafer.  Next, transistors are created on the surface of the silicon dioxide layer and 

then the wiring and insulating structures are added as multiple thin-film layers through a 

series of manufacturing process steps.  

After a trench is etched into an inter-layer dielectric (ILD) material, a blanket of 

copper is deposited. In the metal depositing process, first a thin film layer of TaN 

(tantalum nitride) and TiN (titanium nitride) barrier (i.e., insulating) material is deposited 

on top of the formed transistors, and then subsequent layers of copper metal are formed 

on top of TaN and TiN base layer.  The excess copper metal is polished away using the 

CMP process.  After that, the wafer is etched and creates the conductive lines that carry 

the electricity, and then they are filled with dielectric material to create the necessary 

insulators between the lines, in a manufacturing process called copper damascene as 

shown in Figure 1.2.  Depending on what type of designed circuit is created, sometimes 

these depositing and etching steps are repeated as many as 500 times (Borst et al., 2002).   
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Figure 1.2  Copper Damascene Process. 
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1.3.2 Copper Chemical Mechanical Planarization (Cu CMP) 

In general, the IC fabrication process can involve almost 200 individual steps, 

each step building upon a previous step.  The precision and accuracy involved in each 

step must result in a well-controlled structure for following steps.  The above description 

is most suited to describe the role of CMP.  As seen in Figure 1.2, following any 

deposition step (inter-level dielectric, ILD, metal or metal barrier) during fabrication, 

CMP must be employed to eliminate any topography over which the next layer must be 

processed.  The elimination of topography during CMP has several benefits which are as 

follows: (1) higher subsequent photolithography yields and (2) a reduction of 

inhomogeneous metallization layer thicknesses.  The former is associated with creating a 

planar surface to eliminate possible focusing and image transfer issues related to the 

photolithography step of fabrication (Sorooshian, 2005).  This is a common expectation 

after an ILD deposition step.  With the drive towards device size minimization, the 

smaller wavelength lights required to create submicron feature patterns has brought more 

attention to this aspect of planarization and has set more stringent limits on surface 

planarity. 

 
Aside from the above benefits, additional benefits from CMP include (Zantye et 

al., 2004):    

• Reduction in step coverage issues 
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• Higher dry etch yields 

• Reduction of prior level defects 

• Elimination of undesired contacts and electro-migration effects 

• Ability to limit the stacking height of metallization layers 

 
The CMP process occurs as a wafer surface is moved across a polishing pad with 

an applied pressure in the range of 1-10 psi, in the presence of slurry.  The polishing pad, 

usually polyurethane based, provides a surface with small rough points known as 

asperities.  These asperities make contact with the wafer to sweep away material on the 

surface of the wafer.  The slurry imparts abrasive silica particles and an appropriate 

chemical environment for a well-controlled removal mechanism (Oliver, 2004).  As the 

polishing process ensues, the mechanical contact by the wafer on the polishing pad wears 

away existing asperities, thereby requiring the regeneration of a rough, asperity rich pad 

surface.  An abrasion process known as diamond conditioning is employed to restore 

asperities on the pad surface.  This is critical to CMP as an inadequately roughened pad 

surface result in a very low polish rate.  Figure 1.3 shows a general schematic of the CMP 

process for a conventional rotary tool. 

As mentioned before, the purpose of the CMP process is to planarize and smooth 

the wafer’s surface by using both chemical (i.e., CMP slurry) and mechanical forces (i.e., 

pressure and polishing pad).  When removing excess copper on a wafer surface, this 

process is called Cu CMP.  The CMP step is followed by post-CMP cleaning and rinsing 
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to remove particles and adsorbed ions from the wafer surfaces.  If the abraded material is 

not removed from the surface of the wafer, native and nonnative surface films may form 

in some slurries.  Such effects can affect CMP parameters such as removal rate, post-

polish profile thickness, and post-polish corrosion (Steigerwald et al., 1997).  Moreover, 

if not removed, the material may re-deposit onto the wafer surface or form precipitates, 

which can lower the removal rate. 

 

 
 

Figure 1.3  Schematic of the CMP process for a conventional rotary polisher 
 (not to scale). 
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One of the keys to Cu CMP effectiveness is the components in the chemical 

slurry.  Cu CMP can be performed in acidic, neutral, or alkaline media using alumina or 

silica slurries (Steigerwald et al., 1995; Luo et al., 1997; Fayolle & Romagna, 1997). 

Slurries used for planarization typically contain (Oliver, 2004):  

• Oxidizing agent, such as hydrogen peroxide, to control the oxidation rate 

and reduce the damage resulting from competitive side reactions 

• Complexing agent, such as ethylene diamine tetracetic acid (EDTA) or 

citric acid, to enhance solubility of the metal 

• Corrosion inhibitor, such as benzotriazole (BTA), to prevent high static 

etch rates in the presence of the film oxidizing chemicals 

• Surfactant, such as polyvinyl alcohols (Triton), to increase the solubility of 

non-soluble compounds to form emulsions as well as increase the 

particle/surface adsorption to change the CMP interactions 

• Solids, such as alumina, silica or ceria, serve as abrasive particles 

An ideal slurry is one that provides high copper removal rates (~5000 Å/min) 

during polishing and low static removal rates (<50 Å/min) during static conditions 

(Tamilmani et al., 2002).  Key CMP performance metrics such as removal rate and 

planarity are intimately related to the chemical composition of a slurry system. 

The incorporation of copper in IC metallization resulted in Cu CMP and post-

CMP cleaning waste streams that contain copper ions, silica particles, surfactants, 
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complexing agents, oxidizing agents, surfactants, and some organic compounds.  One 

example of the severity of the waste problem is provided by IBM.  One of their 

fabrication plants produces a CMP waste stream of 310,000 gal/day (Dietrich, 2005).   

1.3.3 Cu CMP waste characterization 

 The Cu CMP step has been identified as contributing more than 80 percent of the 

copper to the wastewater stream (Mendecino & Brown, 1998).  The waste solution 

chemistry is constantly changing due to the variable nature of tool flow rates, tool uptime, 

flow segregation, and dilution factors (Golden et al., 2000).  However, the majority of the 

Cu CMP waste streams produced has similar characteristics.  A mulitplaten, multicarrier 

copper polisher integrated with a cleaning tool may generate 300-500 gallons per minute 

of wastewater containing waste characteristics suggested by USFilter as presented in 

Table 1.1.  These ranges are representative of what is found typically at the wastewater 

life station or bulk collection tank where equalization has occurred.  The higher 

concentrations are more representatives of CMP tools with water recycling divert valves 

(Wismer & Woodling, 2005).  
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Table 1.1  Typical Properties of Cu CMP wastewater 

Component Concentration (mg/L) 

Dissolved copper 5-100 

H2O2 50-1000 

Total solids 500-5000 

Organic chelates 10-50 

Total organic carbon 10-100 

Alkyl/aryl triazole antitarnish 50-200 

 

1.3.3.1 Suspended Solid 

Most wastewaters are characterized by total suspended solid (TSS) and total 

dissolved solid (TDS).  Total solids (TS) are the combined measurement of TSS and 

TDS.  The standard testing methods for wastewaters typically use a 0.45 μm absolute 

filter for determining TSS.  Particles retained by the filter are considered TSS and 

particles passing through the filter are classified as TDS.  CMP wastewaters have high 

solids content resulting from abrasive nanoparticles, which are found in newer slurry 

formulations compared to microparticles (Chin et al., 2006).  To comply with 

environmental regulations, in most cases CMP wastewater must be treated to reduce TDS 

levels below 300 mg/L (Tamilmani et al., 2004).  In addition to TS, the Cu CMP 
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wastewaters are also characterized by high turbidity (NTU), chemical oxygen demand 

(COD) concentration up to 100 mg/L and copper concentration up to 100 mg/L. 

1.3.3.2 Copper interaction      

Wastewater pH largely dictates the relative solubility of inorganic contaminants 

such as copper metal.  A Pourbaix diagram, which predicts the thermodynamic favored 

states of species as a function of potential and pH, of copper adapted from Tamilmani’s 

work is shown in Figure 1.4.  At low pH, copper is highly soluble and stays in the Cu2+ 

form, while above pH 7, insoluble Cu2O, CuO, and Cu(OH)2 compounds form.  Note that 

Figure 1.4 does not consider the effect of copper complexing agents in CMP wastewater 

and is for general reference only. 
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Figure 1.4  Potential-pH diagram for Cu-water system at copper ion activities of 10-4

   and 10-6 (Tamilmani et. al., 2002). 
 

As mentioned earlier, Cu CMP slurries contain organic components such as 

EDTA, citric acid, and other organic acids.  These organic ligands compete with the 

thermodynamically favored oxides and hydroxides in the wastewater solution as well as 

copper complexes, which have similar stability constants (Golden et al., 2000).  

Therefore, real waste streams contain copper-organic complexes and copper-chelated 

complexes in addition to the oxides.  Table 1.2 shows the stability constants of each 
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copper species (Morel & Hering, 1993).  These copper complexes are hard to precipitate 

or remove.  Thus, the challenge is to develop wastewater treatment methodologies that 

are able to remove copper affectively and have low operation costs.   

Table 1.2  Forms of copper in Cu CMP wastewater and Formation potential 

Copper Species Stability Constant (Log K) 

Cu (OH)+ 6.3 

Cu(OH)2(aq), Cu(OH)2(s) 11.8, 20.4 

Cu(OH)4
2- 16.4 

[CuEDTA]2- 20.5 

[CuOH(EDTA)]3- 22.6 

[CuCitrate]- 7.2 

[CuOH(Citrate)]2- 16.4 

[Cu2(Citrate)2]2- 16.3 

 
 

1.3.4 State-of-Art: Copper removal from Cu CMP waste streams 

In 1998, the United States Environmental Protection Agency (US EPA) declared 

that copper processes in semiconductor manufacturing prior to final metallization process 

assembly line should be governed by Title 40, Code of Federal Regulations 469 (Stanley, 
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2000).  According to current knowledge, direct discharge of effluents containing copper 

at levels below the regulation limits (i.e., MCLG 1.3 mg/L) can be considered safe for the 

environment.  In some cases, facilities that discharge to Publicity Owned Treatment 

Works (POTWs) may have more stringent discharge limits.   

Cu CMP wastewaters typically contain suspended solid silica nanoparticles, 

which can absorb copper on the surface, precipitation/clarification.  Thus, chemical 

processes that destabilized charged particles and oxidized copper complexes, and 

microfiltration methods are commonly employed to treat the waste.  Then, the treatment 

is followed by regenerable ion exchange to remove copper ions and biodegradation to 

remove organic compounds (Mendicino et al., 1999; Maag et al., 2000; Golden et al., 

2000).  These methodologies are designed to treat offsite wastewater, meaning end-of-

pipe line treatment.  

Several options can be considered for point-of-use treatment in the sub-fab area of 

a facility to treat effluent from a small number of tools, or placed in the central building 

to treat the entire line of Cu CMP tools.  For instance, using an electrochemical method, 

Cu2+ ions, corrosion inhibitors, and organic complexing agents are treated first; then, the 

suspended solid particles are removed via filtration (Tamilmani et al., 2004).  This 

method optimizes the use of chemicals employed by recent technology, but further 

investigation is required.  Similar methodology applies to the Cu CMP wastewater 

treatment invented by USFilter.  After pH adjustment, hydrogen peroxide and organic 
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compounds are removed first via activated carbon, the copper and slurry-bearing solution 

is then treated with copper-selective ion exchange resin.  Finally, the suspended solid 

particles are removed via filtration (Wismer & Woodling, 2005). 

Finally, there are publications focusing on a single unit of operation for copper 

ion treatment that have been published in the past several years such as the use of 

biomass (Ruiz-Yeomans, 2003; Flávia et al., 2005; Francisca et al., 2006), activated 

carbon (Dungan & Han, 2000; Doss & Natarajan, 2006; de Mesquita et al., 2006) 

electrochemical (Ding et al., 2003; Ketkaew, 2006; Lezhava et al., 2006), and chelators 

(Navarro et al., 1998; Jones & Lovitt, 2004; Liu, 2005; Baraka et al., 2007).  Each of 

these methods has advantages and disadvantages but none are in wide scale use today. 

1.4 Adsorbent properties 

 Chelating resins have been used for several applications such as water purification 

(Sokol, 2003), wastewater treatment (Navarro et al., 2001; Wang et al., 2002; Zhao et al., 

2006; Baraka et al., 2007), analytical chromatography (Govender et al., 2006; Liu et al., 

2007), protein isolation (Yilmaz et al., 1997; Megias et al., 2007), and catalysis (David-

Dufilho et al., 2006; Rivero-Mueller et al., 2007) due to advantages in the selectivity, 

capacity, and binding strength.  First introduced by Erlenmeyer and Dahn in 1939, 

chelating resins served as the stationary phase in column chromatograph to identify 

various cationic species.  Then the idea of using chelating resins as cation exchangers to 
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selectively isolate one single ion was announced in 1946 by Skogseid.  Experiments then 

began focusing on understanding the relationship between pH and chelator selectivity. 

(Mellor, 1950; Gregor et al., 1952).  Bayer was the first to publish methods 

demonstrating how even more selectivity can be achieved by attaching chelators to 

polymeric supports (Bayer, 1956; Bayer & Fiedler, 1960; Bayer et al., 1962).  For the 

past 70 years, the research and development on chelating resins focused on developing 

methods to obtain better selectivity based on new techniques.  Today, chelating resins can 

be customized by using chelators with different functional group to selectively capture 

specific ions from complex mixtures (Garcia-Barron, 1999).  The wide varieties of 

available mechanisms allow for the development of new commercial separation 

processes.  Many chelating adsorbents have been developed using several different types 

of supports such as polystyrene, activated carbon, chitosan, and carbohydrates (Katz, 

2000).  The focus of this work is to better understand how chelating resins selectively 

capture copper ions and copper-organic complexes.  

 1.4.1 Support 

For this work, crosslinked agarose under the trade name Novarose™ was chosen 

as solid support in order to take advantage of its extremely low level of intrinsic 

hydrophobic sites.  Agarose, which was developed in 1990, had used a cross-linking 

technology (Lindgren, 1990) that was similar to the development of Sephadex 
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(Separation Pharmacia Dextran), a crosslinked dextran, which was invented by Porath 

and Flodin in 1959 (Flodin, 1997).  Agarose is a polysaccharide consisting of 1,3-linked 

β-D-galactose and 1,4-linked 3,6-anhydro-α-L-galactose (Serwer, 1983).  This basic 

agarobiose, repeating disaccharide unit, as shown in Figure 1.5, forms long chains with 

an average molecular mass of 120,000 Daltons.  

 

 

Figure 1.5  The primary structure of “idealized” agarose. An agarose subunit is 
 indicated (Serwer, 1983). 
 

The gel is porous (illustrated in Figure 1.6) and insoluble in water, but swells 

when placed in aqueous solutions.  The bead sizes range between 32 and 60 μm.  The 

hydrated gel is a hydrophilic adsorbent with a low resistance to flow (Akhlaghi et al., 

2004).  The gel is crosslinked by a patented method using repeated modification with 

allylbromide (3-bromo-1-propen) and bromine/water followed by treatment with alkaline 

media, resulting in epoxy activated particles with a controlled extent of cross-linking and 

rigidity (Lindgren, 1990).  The crosslinks consist of glycerol chains, 12-16 atoms long, 
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and the functional group is bromohydrin.  It is important to recognize that since agarose 

is a natural product, it may be digested when put into contact with some strong oxidizing 

chemicals.  When not is use, it is recommended to suspend the gel in an alcohol solution 

to prevent the growth of microorganisms. 

The most common application for agarose supports is gel electrophoresis.  It is a 

method that applies an electric field through an agarose matrix to separate RNA, DNA, or 

protein by molecular size (Brody et al., 2004; Reyes et al., 2007; Streitner et al., 2007). 

Shorter molecules move faster and migrate further than longer ones.  Another application 

is the covalent bonding of chelating ligands to this material in connection with the 

preparation of adsorbents for immobilized metal ion affinity chromatography (IMAC) of 

proteins and peptides (Porath, 1992; Sharma & Agarwal, 2002; Pessela et al., 2005; Wu 

& Bruley, 2005).  Several works, which are similar to this work, investigated the used of 

agarose in conjunction with biomass or chelators to pre-concentrate some metal ions in 

water or wastewater streams (Hashemi & Olin, 1996; Akhlaghi et al., 2004; Pandey et 

al., 2007).  
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Figure 1.6  Scanning Electron Micrograph of swelled Agarose Gel. 
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1.4.2 Chelator 

A chelator is an organic chemical that forms two or more coordination bonds with 

a central metal ion.  A chelating agent has at least two functional groups which donate a 

pair of electrons to the metal, such as = O, -NH2 or -COO¯.  Furthermore, these groups 

must be located so as to allow ring formation with the metal (Martell & Hancock, 1996).  

Chelation properties of ligands vary while they are free in solution compared to when 

they are immobilized in solid matrices.  The ligands in the solid phase experience 

considerable constraints as they orient themselves spatially around the metal ions. 

(Navarro & Tatsumi, 2001).  A chelate usually does not dissociate easily in solution, 

because chelators bind counter ions to form an inert complex.  In labile complexes, 

however, the metal ion can be readily exchanged (Dwyer & Mellor, 1964).  Chelators 

bind metals in the transition elements as well.  Chelating agents yielding soluble metal 

complexes are called sequestering agents (Chaberek & Martell, 1959).   

Many industries use chemical chelators to remove metal ions from solutions for 

different purposes.  For instance, in medicine, chelators are used against microorganisms, 

metal poisoning, and in chemotherapy protocols (Liu et al., 1991; Omura & Beckman, 

1995).  In semiconductor manufacturing, chelators are used to enhance solubility of the 

metal during polishing processes to prevent metal re-deposition on wafer surfaces 

(Oliver, 2004).  In the geology field, chelators are used to remove heavy metal from air, 
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soil, and water since most metal complexes in the environment and in nature are bound in 

some form of chelate ring (Prasad, 2001).   

1.4.2.1 Polyethyleneimine (PEI) 

The chelator used in this project is Polyethyleneimine (PEI), which is a polymer 

with a high content of amine-nitrogen that can donate electrons and chelate metal ions.  It 

is formed by polymerization of ethyleneimine.  The polymer has a repeating C2H5N unit 

and is highly branched with about one branch for every 3-3.5 nitrogens in a linear unit 

(Dick & Ham, 1970).  Polymerization in aqueous solution leads to a high molecular 

weight product, which is amorphous and highly soluble in water, thus, lacking structural 

integrity.  As a consequence, PEI requires a solid support in order to use it as chelating 

adsorbent to remove metals from aqueous solutions.  PEI was previously used as an 

immobilized chelating agent on polyurea resins to remove metal cations by Dingman et 

al. in 1972.  Today, advanced technologies allow researchers to immobilize or 

impregnate PEI onto several supports such as activated carbon (Jung et al., 2007; Yin et 

al., 2007), chitosan (Juang & Ju, 1998; Juang et al., 1999), and cellulose (Steinmann et 

al., 1994; Navarro et al., 1996; Navarro et al., 2001).  
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Figure 1.7  Idealized structure of the polymeric complex PEI with Cu2+ ions  
 (Geckeler & Volchek, 1996). 
 

PEI is known to form a stable complex with Cu2+ ion (illustrated in Figure 1.7) at 

a wide pH range (i.e., pH 4-12) (Rivas & Geckeler, 1992; Steinmann et al., 1994).  The 

protonation of amine groups is controlled by the pKa of the polymer (i.e., 9.5-11) 

(Burgess, 1991).  The schematic structures of branched PEI in the protonated and non-

protonated forms are shown in Figure 1.8.  This means that at a pH 5.5, which is the 

control pH in this work, there is a coexistence of protonated and non-protonated amine 

groups.  In fact, from Figure 1.9, about 70 percent of amine groups on branched PEI are 

protonated at a pH of 5.5.  As a consequence, PEI should have dual properties.  It can act 

as an anionic exchanger (i.e., with protonated amine group) and as a chelator to metal 

ions (i.e., with non-protonated amine group).  In 1991, by using electron paramagnetic 

resonance (EPR) techniques, Chandramouli group proved the coexistent of the dual 

functions of PEI and illustrated how metal complex (i.e., [Cr(CN)5(NO)]3-) and metal 

ions (i.e., Cu2+) bind to PEI at the same time.  EPR spectra is a technique used for 
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chemical structure identification, for instance, it is used to study the copper-complexes of 

chelating resins containing nitrogen and sulfur atoms (Cobianco et al., 2000) as well as to 

study the DNA binding to copper-PEI complexes (Kumar & Arunachalam, 2007).  

However, it is not the focus of this research. 

 

 
 

Figure 1.8  Schematic of the branched PEI structures of both non-protonated  
 (above) and fully protonated state (below) (Horn, 1979; Borkovec & 
 Koper, 1997). 
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Figure 1.9  Potentiometric titration curve of branched PEI 
 (Horn, 1979; Borkovec & Koper, 1997). 

 

1.4.2.2 Ethylene Diamine Tetracetic Acid (EDTA)  

 As mentioned before, Cu CMP waste contains chelating agents such as EDTA for 

metal sequestering purposes during the CMP process.  Copper-EDTA complex species 

are very stable and hard to precipitate or remove.  If EDTA waste is not treated by 

suitable methods or is leaked, it can cause significant environmental problems by forming 

stable complexes and producing increased mobility of toxic metals in ground water, 

surface water, and soil systems (Riley et al., 1992). 
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EDTA has six potential sites (i.e., a hexadentate ligand) available for binding with 

metal cations composed of four carboxyl and two amino groups (Ogino & Shimura, 

1986).  When dissolved in water, the ligands behave like an amino acid with double 

zwitterions.  It forms a chelating complex with all cations at a one to one molar ratio 

regardless of the charge of the cation over the entire pH range, and most of these 

complexes are stable (Zaitoun & Lin, 1997).  This stability results from the multiple sites 

within the ligands that give rise to a cage-like structure (illustrated in Figure 1.10) in 

which the cation is effectively surrounded and isolated from solvent molecules.  A 

complex of EDTA to copper can result in several species depending on the pH and the 

composition of waste.  This research focuses on the anionic species of copper-EDTA 

complexes at a pH of 5.5.  The binding constant values are shown in Table 1.2. 

 



 55

 

 
Figure 1.10  Structure of EDTA complex with a Cu2+ ion, 

 (Pistos and Parissi-Poulou, 2002). 
 

1.4.2.3 Citric acid 

 Besides EDTA, another complexing agent typically used in Cu CMP slurry is 

citric acid in the presence of a commonly used oxidizer, H2O2 (Steigerwald et al., 1997; 

Gorantla et al., 2005; Eom et al., 2007).  Citric acid is an organic carboxylic acid 

containing three carboxyl groups, thus, very soluble in water.  It plays an important role 

as a masking reagent for most metal ions (Perrin, 1970) preventing the precipitation of 

these ions as hydroxides or other slightly soluble salts.  Citric acid forms mononuclear, 

binuclear, or polynuclear and bi-, tri-, and multidentate complexes, depending upon the 
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type of metal ion (Francis et al., 1992).  For instance, iron and nickel form bidentate (i.e., 

mononuclear complexes with two carboxyl acid groups of a citric acid molecule), while 

copper, cadmium, and lead form tridentate (i.e., mononuclear complexes with citric acid 

involving two carboxyl acid groups and a hydroxyl group). The structure of a copper-

citrate complex, which is a tridentating form, is illustrated in Figure 1.11.  The metal 

chelates are quite well characterized (Sillen & Martell, 1964).  A complex of citric acid to 

copper can result in several species depending on the pH and the composition of waste.  

This research focuses on the anionic species of the copper-citrate complex at a pH of 5.5.  

The binding constant values are shown in Table 1.2.  

 

 

 
Figure 1.11  Structure of citric acid complex with Cu2+ion  

 (Ivanov and Tsakova, 2002). 
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1.5 Thesis format  

 The first chapter of this dissertation introduces integrated circuit metallization and 

the chemical mechanical planarization process.  The state-of-art of wastewater treatment 

resulting from the process as well as the waste characteristics is also described.  

Additionally, it presents the overview of the theory of adsorption of copper ions by 

polyethyleneimine adsorbent.  Chapter two contains a description of the theory behind 

models used to determine parameters and breakthrough behavior of the continuous 

column system employed in laboratory experiments.  All the preliminary experimental 

methods and results are presented in this chapter.  The third chapter covers work done on 

polishing pad surface modification and cleaning.  Chapter four presents conclusions and 

recommendations for future work.  Finally, three papers submitted for publication in 

scholarly journals are appended and are the focal points of the dissertation. 
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2.  PRESENT STUDY 

The objective of this section is to describe the mathematical and physical concepts 

behind the different models used in this work.  Where possible, the experimental results 

obtained in this work are explained in terms of the physical concepts that are developed 

in the literature.  Both batch and continuous experiments were performed and the data 

collected were analyzed using appropriate mathematical models. 

2.1 Model Theory 

 
The adsorption in fixed beds can be described by using transport balance 

equations in the liquid phase, for the solute being transported and adsorbed by the solid 

phase.  The general form of the mass balance equation is:  

 iisi
i rxDvC

t
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+∇⋅∇=⋅∇+
∂
∂

ρ  (2.1) 

Equation 2.1 states that the change of the solute concentration as a function of time is 

dependent on the convection, dispersion, and reaction terms.  This equation can be 

transformed to the one dimensional Advection-Dispersion-Reaction (ADR) equation, 

equation 2.2 (Patankar, 1980; Weber et al., 1991): 
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which is a basic modeling equation in this study.  An equation 2.2 assumes that the 

solution flows only in one dimension, which is the z direction, and not in other directions.  

Several assumptions can be applied to equation 2.2 for the physical setup of a laboratory 

column experiment.  These include: 

• The column is subject to sorption without any other fluid-phase reaction or source 

term, 

• Both the fluid and solid compressibility’s are negligible, 

• The fluid flows at a constant volumetric flow rate under isothermal conditions, 

• Dispersion of the chemical species occurs only in the direction of flow, and 

• Molecular diffusion is negligible and the dispersion coefficient is independent of 

solute concentration. 

After applying above assumptions the simplified ADR equation results: 
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where, 

  = Concentration of metal ions/metal complexes/tracer, mol/mC 3  

  = Time, s t
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  = Interstitial fluid velocity in the z direction =  zv ε⋅A
Q , m/s 

  = Fluid flow rate, mQ 3/s 

 A   = Column cross-sectional area, m2 

 ε  = Bed void volume, - 

  = Axial dispersion coefficient, mzD 2/s 

  = Length of column, m z

  = Initial concentration of C , mol/moC 3 

 sρ  = Adsorbent density, mL beads/m3  

In the right hand side, equation 2.3 incorporates the diffusive and bulk solute movement 

in the first two terms and the sorption process in the third term.  The solution of equation 

2.3 in space and time describes the performance and process dynamics of a sorption 

packed column, by predicting the corresponding breakthrough curve, which is the 

effluent solute concentration/time profile.  Equation 2.3 will be used as the primary 

equation considered in this study.  To use this equation, the column characteristics (i.e., 

average residence time, column porosity and dispersion coefficient) need to be 

determined.                                           
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2.1.1 Column porosity  

The column porosity is determined by measuring the average column residence 

time (τ ) of a tracer at a varied flow rate (Q ) that was varied between 1.0 to 2.0 mL/min.   

Thus, the column porosity of the packed bed column is calculated (Ching, 1988) using 

the following equation: 

       
Q

BAL
Q

PoreVolume +
==
ετ  (2.4) 

where,  

  =  column flow rate, mQ 3/s 

 τ  =  average residence time, s 

 A  =  column cross sectional area, m2  

 ε  =  column porosity 

 B  =  column dead volume, m3 

Equation 2.4 can be rearranged to the following form: 
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 By plotting the residence time (τ ) versus Q
A  for the different flow rates, a straight line 

results, that has a slope equal to the column porosity.  Linear regression analysis of the 

data is performed using Excel to obtain standard deviations. 
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2.1.2 Conservative species (tracer) model 

The dispersion coefficient can be determined experimentally using a conservative 

tracer.  The transport of a tracer through a fixed bed column can be described by equation 

2.3 without the reaction term: 
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The finite boundary conditions that are applicable to these experiments are: 
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Equation 2.8 expresses the condition of flux continuity at the inlet with no dispersion in 

the entering feed line (commonly referred to as the Danckwerts flux condition).  The 

outlet, equation 2.9, also represents continuity and has been discussed extensively in the 

literature (van Genuchten & Wierenga, 1974; Bear, 1979; Salmi & Romanainen, 1995; 

Siyakatshana et al., 2005). 
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 The solution to equation 2.6 after applying LaPlace Transforms (Bürgisser, 1993) 

using the appropriate boundary conditions is: 
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Using MathCAD, the column dispersion coefficient is obtained by fitting to the single 

adjustable parameter  to the conservative tracer or IPA data. zD

MathCAD is desktop software for performing and documenting engineering and 

scientific calculations.  The capabilities include, but are not limited to, solving 

differential equations, with several possible numerical methods, graphing functions in 

two or three dimensions, curve fitting, finding roots of polynomials and functions, etc.  

One of the techniques used to fit data results to find parameter is the Minerr function.  

This function allows the program to seek solutions to solve a block that minimize errors 

with the solution.  The error refers to the least-squares error.  The value of for the 

working flow rate (i.e. 1.5 mL/min) is 8.62 x 10

zD

zD

-3 cm2/s with the mean square error of 

0.026. 
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2.1.3 Adsorption isotherm 

The most important term of the solute material balance, equation 2.3, is the rate of 

the solute uptake by the adsorbent material as describe by the term tq ∂∂ .  In order to use 

this term, it is assumed that the time scale associated with the microscopic processes of 

mass transfer to the sorption sites and the subsequent sorption reaction times are much 

smaller than the time scale associated with the macroscopic processes of fluid transport, 

and that the equilibrium prevails locally and is approached rapidly (Allen & Hahn, 1999).  

This approach yields the so-called local equilibrium models (LEM) and incorporates only 

the isotherm equation in equation 2.3.       

Several adsorption isotherms can be used to describe the equilibrium 

concentration of the adsorbed species as a function of the fluid phase concentration.  Any 

adsorbent isotherm that is concave toward the absicca is said to be favorable because 

strong adsorption will occur even in dilute solution (Belter et al., 1988).  The analyzed 

results from batch experiments were best fitted using the Langmuir isotherm model.  

Langmuir isotherm theory describes the monolayer adsorption of an adsorbate on 

an adsorbent’s surface.  Thus, equilibrium has been assumed to be reached when all the 

surfaces of adsorbents were occupied and there are a fixed number of localized surface 

sites present on the surface.  In this work, the temperature and pressure remain constant 

throughout the experiments. The model can be expressed by the following equation:  
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where, 

  = Concentration in the adsorbed phase, mol adsorbate/mg adsorbent q

 = Maximum adsorption capacity, mol adsorbate /mg adsorbent maxq

 K  = Langmuir isotherm constant, m3/mol 

  = Equilibrium concentration of adsorbate, mol/mC 3  

 The Langmuir isotherm constant and the maximum adsorption capacity are found 

experimentally by performing a series of batch experiments. The data are then plotted as 

 vs.  and the linearized form of the isotherm:   C qC /
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2.1.4 Adsorption model 

 Since the Langmuir isotherm model accurately described the isotherm data (see 

section 2.3.5 below), this information is substituted into the simplified ADR equation. 
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More specifically, differentiating Equation 2.11 with respect to C results in the following 

expression for t
q
∂

∂ :  
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Substituting equations 2.13 and 2.14 into the transport balance, equation 2.3 becomes: 
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After rearranging:  
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The boundary conditions for the solute (copper in this case) are: 

  t=0 z>0 (2.17) 0),( =tzC

  t>0 z=0 (2.18) oCtzC =),(
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At the beginning of operation, there is no solute molecule present in the fluid 

phase, which is given by the initial condition, equation 2.17.  At the inlet of the column, 

the concentration of the solute is always equal to the feed concentration as described in 

equation 2.18.  At the exit of the column, the gradient of concentration is equal to zero as 

expressed in equation 2.19. 

Equation 2.16 was used to simulate breakthrough curves for copper nitrate 

analysis.  The solution to this equation must be solved numerically since it is nonlinear.  

COMSOL Multiphysics was used in this work to analyze the model results.  COMSOL is 

a finite element analysis and solver software package for various physics and engineering 

applications.  In addition to conventional physics-based user-interfaces, it also allows for 

entering coupled systems of partial differential equations (PDEs).  The Chemical 

Engineering module was used along with the finite element mathematical technique to 

solve this ADR equation. 

 This model relates the copper ion concentration in the effluent stream to column 

residence time through the Langmuir adsorption model.  The model works when only 

copper ions are present in the solution.  When the chelating agents are present in the 

solution, the competition binding occurred.  As a consequence, the system is too complex 

to be described using this model.   
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2.2 Experimental Procedures and Setup 

 The approach taken in this study was to develop techniques to treat Cu CMP 

waste streams, which could lead to the reduction of unit operations and chemicals.  The 

nature of the Cu CMP waste itself makes the experimental studies challenging because it 

contains the complexing agents, which compete for copper with the adsorbent used in this 

work.  The binding mechanisms and interactions are difficult to observe and measure.  As 

a consequence, the initial characterization of the adsorbent and the evaluation of isotherm 

parameters were done in batch mode where conditions were easily controlled.  The 

results were later applied to the continuous operation in packed column.  In this section, 

the methods and techniques used in this study are discussed in detail.  

Note that the amount of an adsorbent will be reported in mL after the adsorbent 

has been vacuum filtered and weighed on a scale.  This is due to the severe damage in 

physical properties of the support when completely dry.  However, the water content in 

the support was determined to be 70 percent, from the calculation of dry beads. 

2.2.1 Adsorbent selection 

 In order to achieve the ultimate objective of this project, the primary approach 

was to find an adsorbent that provided the best adsorption of copper.  This was 

determined by comparing the amount of copper bound onto each adsorbent (i.e., copper 

binding capacity) after 24 hours of batch experiments, where 50 mL of 240 ppm copper 
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nitrate solution in 0.1 M sodium acetate buffer, pH 5.5, were put into contact with 1 mL 

of adsorbent.  The binding capacity was calculated from the initial and final 

concentrations of the copper nitrate solution.  The adsorbents with the high copper 

binding capacities were later focused on to determine their characteristics and the 

feasibility of packed column operation using these sorbents.  The chelators tested 

included: Iminodiacetic acid (IDA), Tris-(2-ethylaminoethyl) amine (TREN), Dipicolyl 

amine (DPA), and Polyethyleneimine (PEI). 

2.2.2 Adsorbent preparation 

 Besides PEI, all of the adsorbents mentioned above were from Grom 

Chromatography GmbH, Germany under the trade name Novarose™ IDAHigh, 

Novarose™ TRENHigh, and Novarose™ DPAHigh.  PEI (MW 750,000) was obtained from 

Supelco® in a liquid form.  The support used was a highly crosslinked and activated 

agarose gel with the trade name of Novarose™Act High.  The Novarose support has a pore 

size of SE-100 with the exclusion limit of 200,000 Daltons.  The bead sizes range 

between 32 and 60 μm. 

The following procedure was used to prepare 10 mL of PEI-agarose adsorbents. 

Approximately 30 mL of activated Novarose were poured onto a glass-filter and washed 

three times with 50 mL of ultrapure water (UPW) to remove the ethanol solution 

(Novarose is delivered in 25 percent ethanol solution).  After the final wash, the gel was 
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vacuum filtered until the gel cake cracked.  Ten mL of the activated Novarose were 

removed and washed twice with 25 mL of 0.1 M sodium carbonate buffer at pH 11 on a 

glass-filter, suction dried and weighed.  PEI (usually 5 g of a 100 percent solution) was 

added to 10 mL of 0.1 M sodium carbonate buffer pH 11 in a 100 mL screw capped 

plastic bottle and the viscous solution homogenized on a mixer.  The pH of the solution 

was measured and if necessary adjusted with 6 M sodium hydroxide or 5 M hydrochloric 

acid.  The Novarose was added to the bottle which was then placed on a rotating table 

(200 rpm) at room temperature.  The mechanism of how PEI is coupled with agarose 

supports is shown in Figure 2.1.  The reaction is a base-catalyzed cleavage of the 

activated agarose epoxide group involving a nucleophilic attack by ethylenediamine.  

After 24 hours, the non-bound PEI was removed from the adsorbent by vacuum filtration 

using a glass filter and by washing with UPW until the effluent was neutral.  The 

adsorbent was kept in a 20 percent (v/v) ethanol solution in a refrigerator until used. 
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Figure 2.1  Binding mechanism of ethylenediamine, which is a repeating unit of PEI,  
 onto agarose support (Katz, 2000).  
 

2.2.3 Cu CMP wastewater 

 Actual Cu CMP wastewater was obtained from the CMP lab at the Department of 

Chemical and Environmental Engineering at the University of Arizona.  Fujimi 7102 

slurry was used for copper polish.  The particles in the wastewater were removed via 

filtration using 0.4 and 0.015 μm pore size membranes before being used in any 

experiments.   
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2.2.4 Batch Experiments to Determine the Kinetics of adsorption 

 Once the preliminary adsorption ability was determined (i.e., section 2.2.1), 

equilibrium experiments were performed to determine the kinetics of adsorption.  These 

experiments determined whether copper uptake by PEI-agarose was sufficiently fast to 

apply the adsorbent to a continuous flow system.  Each batch experiment was performed 

in a 100 mL plastic screw capped bottle.  Fifty mL of a copper solution were put into 

contact with 1 mL of a PEI-agarose adsorbent.  Copper concentration measurements were 

taken at various time intervals in order to gather kinetic data.  All batch experiments were 

allowed to reach equilibrium, typically occurring after 24 hours.  The copper solutions 

were prepared using 240 ppm copper nitrate in 0.1 M sodium acetate buffer, pH 5.5.  The 

final pH was adjusted to 5.5 using either HCl or NaOH. 

2.2.5 Batch Experiments to Determine the Mechanisms of adsorption 

 A series of batch experiments were performed to determine the adsorption 

mechanism and the nature of the adsorption.  These experiments were also used in the 

determination of the adsorption isotherm model.  The concentration of copper solution 

was varied from 10 to 2500 ppm, while the amount of adsorbent was fixed at 1 mL.  

Again, 50 mL of a copper solution were put into contact with a PEI-agarose adsorbent in 

a 100 mL plastic screw capped bottle.  Initial and equilibrium copper concentrations were 

measured.  Final measurements were taken after 24 hours.  A plot of C  vs. from qC /
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equation 2.12 resulted in the isotherm parameters.  The copper solutions were prepared 

using 240 ppm copper nitrate in 0.1 M sodium acetate buffer, pH 5.5.  The final pH was 

adjusted to 5.5 using either HCl or NaOH. 

2.2.6 Packed-bed column preparation 

 PEI-agarose adsorbent was washed twice with UPW on a vacuum filter and then 

beads were weighed on a scale.  Three mL of PEI-agarose adsorbent were packed into a 

Bio-Rad® Glass Econo-Column chromatography column (1 cm inner diameter).  A test 

tube vortexer was used to agitate the beads and remove any visibly trapped air.  Then the 

beads were allowed to settle using gravity.  The column had a typical bed length of 4.55 

cm.  The Bio-Rad® Flow adaptor was inserted into the column after the beads were 

settled to eliminate dead volume above the gel bed and also to protect the gel bed from 

disruption during solution loading.  The bed had a volume of 3.5 mL. 

2.2.7 Continuous column setup 

 A general schematic of the layout of a continuous column fixed-bed adsorption 

experiment is shown in Figure 2.2.  The column was connected to a low flow peristaltic 

pump, which was a part of a BIOFLO 3000 from New Brunswick Scientific, Edison, NJ, 

with a Masterflex® C-Flex L/S P-6424-14 tubing. 
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Figure 2.2  Schematic of packed-bed continuous column experiment setup. 
 

  

Prior to performing any copper adsorption experiments, the column was flushed 

with 10 bed volumes of 0.1 M sodium acetate buffer, pH 5.5, to rinse the gel beads and 

obtain an effluent pH of approximately 5.5.  The operation was then started by pumping a 

solution of copper through the column at room temperature and a 1.5 mL/min flow rate.  

In most experiments, a mixed solution of copper and Isopropyl alcohol (IPA) was used to 

study the column characteristic.  Samples were collected from the effluent stream at 

designated time intervals between 3 to 12 hours, depending on the type solutions, using a 

Bio-Rad® Model 2128 fraction collector.  Solutions were passed through the column until 

a complete copper breakthrough curve was obtained.  That means the experiments were 

followed until the effluent copper concentration equaled initial concentration.  The 

copper solutions were prepared using 240 ppm copper nitrate in 0.1 M sodium acetate 
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buffer, pH 5.5. EDTA was added at molar ratios of 0:1, 0.5:1, 1:1, and 3:1 to copper.  

Citric acid was added at molar ratios of 0:1, 0.25:1, 0.5:1, 1:1, and 2:1 to copper.   The 

final pH was adjusted to 5.5 using either HCl or NaOH. 

2.2.8 Metal and chelator recovery from the column 

 Copper was recovered from the continuous column packed with PEI-agarose 

adsorbent using a 1 M HCl solution.  The column was then reconditioned with 0.1 M 

sodium acetate buffer until the effluent pH reached 5.5.  The volume of HCl needed to 

recover copper from the column depended on the amount of copper adsorbed in the 

column.  A fully saturated 3 mL bed with copper nitrate solution bearing 0.075 g copper 

required only 15 mL of HCl solution to recover the adsorbed copper.  

When a copper-EDTA solution was used, EDTA could precipitate in the column 

due to the change to an acidic pH.  In this circumstance, 1 M NaOH was slowly passed 

through the column to dissolve the EDTA salt, then the column was reconditioned with 

0.1 M sodium acetate buffer until pH reached 5.5. 

2.2.9 Column Characterizations 

IPA was used as a conservative tracer in the column to determine the column 

characteristics (i.e., column mean residence time, column porosity, column dispersivity).  

Operations were started by initiated a step change of IPA solution 5000 ppm.  A set of the 
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outlet column’s response was collected at designated time intervals and was analyzed.  

To obtain the column porosity, several experiments at different flow rates (Q) ranging 

from 1.0 to 2.0 mL/min were carried out and the mean residence time for each flow rate 

was calculated.  Linear regression was performed for several data points relating τ and Q, 

and the column porosity of the packed bed column was calculated.  By monitoring the 

column response to a step input of IPA solution at a flow rate 1.5 mL/min, the column 

dispersion was approximated using the analytical solution. 

2.2.10 Data Analysis 

2.2.10.1 Copper Analysis 

A Perkin-Elmer 2380 Flame Atomic Absorption Spectrophotometer with an 

air/acetylene flame was utilized for total copper analysis.  The instrument has a standard 

deviation of ± 10 percent.  The detection limit of the AA is 0.01 ppm.  All standards (i.e., 

10 and 30 ppm) were meticulously prepared from a copper nitrate standard from Fisher 

Scientific Inc.  The AAS took ten different readings of each sample, and then calculated 

an average of the ten readings and a standard deviation.  The data is reported as the 

average of those ten samples and the error bars represent the 95 percent confidence 

intervals around the average value.    
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2.2.10.2 EDTA Analysis 

A Hewlett-Packard Series II 1090 Liquid Chromatography was utilized for total 

chelating agents (i.e., EDTA and citric acid) analysis.  A 250 x 4 i.d. mm IonPac® AS14 

analytical column was used along with 50 mM sodium phosphate buffer pH 7.2 eluents.  

The outlet of the analytical column was connected to the UV detector set at 220 nm.  The 

eluents flow rate was set at 1.0 mL/min.  The samples and eluents were filtered with a 

0.45 μm membrane filter before injection.  The detection limit of the HPLC is 5 ppm.  

Each sample was analyzed a minimum of three times through the HPLC and the average 

of the runs was used.  The error bars in the results represent the 95 percent confidence 

intervals around the average value.  Calibration curves, which relate peak area to 

concentration for EDTA and citric, are shown in Figure 2.3 and 2.4, respectively.  

2.2.10.3 Ion Analysis 

Ion Chromatography analyses were performed on a DX-600 ion chromatography 

that included PDA-100 photodiode array detector set at 202 nm, an MSQTM single 

quadrupole mass spectrometer.  A 250 x 4 i.d. mm IonPac® ICE-AS1 analytical column 

was used along with 3.0 mM formic acid in aceonitrile/water 30/70 (v/v) eluents.  All 

ionic species (i.e., anionic EDTA, anionic citric acid, copper-chelated EDTA, copper-

chelated citric acid, copper free ion, and copper acetate) were analyzed with this method 

to support the calculation form MINEQL program.  This analysis was executed by a 
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private company.  The results obtained were the concentration of each ionic species in 

ppm.  

2.2.10.4 Tracer Analysis 

A Hewlett-Packard 5790 Gas Chromatography with flame ionization detector 

(FID) was utilized for tracer (i.e., Isopropyl alcohol, IPA) analysis.  A 30 m x 0.53 mm 

ID Equity-1 capillary analytical column from Supelco® was used along with helium gas 

carrier.  The samples were analyzed at an oven temperature of 50-80oC, a detector 

temperature of 275oC, an injector temperature of 130oC, and with the column pressure of 

15 psig.  The detection limit was found to be 5-7 ppm.  Each sample was analyzed a 

minimum of three times in the GC and the average of the runs was used.  The error bars 

in the results represent the 95 percent confidence intervals around the average value.  The 

detection limit is 1 ppm.  Calibration curve that relate peak area to concentration for 

tracer is as shown in Figure 2.5. 
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Figure 2.3  Calibration curve for Citric acid in high pressure liquid  
 chromatography.  Squares represent experimental data while  
 the solid line represents linear regression (equation shown) for  
 calibration curve.  Error bars denote 95 percent confidence  
 interval.  
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Figure 2.4  Calibration curve for EDTA in high pressure liquid chromatography. 
 Diamonds represent experimental data while the solid line represents  
 linear regression (equation shown) for calibration curve.  Error bars  
 denote 95 percent confidence interval.  
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Figure 2.5  Calibration curve for IPA in gas chromatography.  Diamonds represent  
 experimental data while the solid line represents linear regression  
 (equation shown) for calibration curve.  Error bars denote 95 percent  
 confidence interval. 
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2.3 Results 

 As mentioned, the focus of this study is to remove copper from Cu CMP 

wastewater streams.  Even though real wastewater will be a mixture of several organic 

and inorganic compounds, a single model compound was initially used.  Cu2+ ion was 

selected as a model (control) compound.  This chapter focuses on the fundamentals of 

PEI-agarose adsorption and determines the feasibility of employing the adsorbent to 

remove copper from control solutions.  The principles and data obtained in batch 

adsorption experiments were used to design and model a continuous flow fixed-based 

column adsorption system.  Adsorption kinetics and isotherms were generated from batch 

data and used to quantify the adsorption process.   An ADR equation model was used to 

model a continuous flow fixed-bed column adsorption system.  Regeneration of the 

continuous flow system and subsequent recovery of copper was also studied.  Finally, 

control solutions were tested to investigate the system’s capacity to treat actual 

wastewater generated from the CMP lab.      

2.3.1 Adsorbent selection 

 The initial task of this study was to select the chelator that has the highest binding 

capacity for the compound of interest, copper.  The approach selected consisted of 

comparing chelators that were well known to be efficient at binding metal ions.  Three of 

the chelators including Iminodiacetic acid (IDA), Tris-(2-ethylaminoethyl) amine 
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(TREN), and Dipicolyl amine (DPA) were already coupled to activated-agarose and were 

commercially available.  Polyethyleneimine (PEI), however, was coupled to activated-

agarose in the laboratory.  These chelators exhibit different interactions with copper ions 

and consequently show different adsorption/desorption properties towards the solute 

molecule.  The structures of each chelator, when bound with copper ions, are illustrated 

in Figure 2.6.  

Batch experiments were carried out to determine which chelator has the highest 

copper binding capacity at the desired conditions.  Activated-agarose solid support (ACT) 

was used as a control to assure that the binding of copper was due to the chelators, not 

because of the solid support.  Results of each chelator and control are shown in Figure 

2.7.  It is clear that PEI is the best chelator for copper adsorption with a binding capacity 

of 26.58 mg copper/mL adsorbent.  Note that activated-agarose solid support also 

removed some copper from solution.  This may be due to the oxygen bonding and/or pore 

diffusion, but the amount is considered negligible when compared to the large amount of 

copper bound to PEI.  After preliminary testing of PEI, it was found that the 

reproducibility of copper binding performance and the ability to regenerate did not 

change even after 70 batch absorption experiments as seen in Figure 2.8.  This confirmed 

that PEI was a good choice. 
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       Cu-IDA (Ehteshami et al., 1996)                      Cu-DPA (Ehteshami et al., 1996)  

 

   

    Cu-TREN (Sharma & Agarwal, 2002)                                    Cu-PEI 

 

Figure 2.6  Schematics of chelators when binds with copper ion. 
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Figure 2.7  Chelators comparison for copper binding capacities. 



 86

 

 
Figure 2.8  Performance and reproducibility of PEI on copper binding capacity. 

 Experiments were done in batch mode at a pH 5.5.  Diamonds 
 represent experimental data. 

 

2.3.2 Adsorbent preparation   

 Three samples of dried gels were sent to Desert Analytics, Tucson, Arizona for 

elementary analysis of carbon, hydrogen, and nitrogen contents.  Results are displayed in 

Table 2.1.  The first sample was activated-agarose solid support and serves as a control, 
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the second sample was newly made PEI coupled with activated-agarose adsorbent, and 

the third sample was used adsorbent from continuous flow column.     

Table 2.1  Elemental analysis results.  

Sample 
Carbon 

(Weight %) 

Hydrogen 

(Weight %) 

Nitrogen 

(Weight %) 

Activated-agarose support 43.41 5.86 <0.05 

Fresh PEI-agarose adsorbent 48.76 7.19 7.78 

Used PEI-agarose adsorbent 43.25 6.54 6.61 

Note: The remaining percent weight is mostly oxygen. 

  

The key to interpreting these results is to compare the weight percentage of 

nitrogen since PEI is a polymer with a high content of amine-nitrogen.  The polymer has 

a repeating C2H5N unit and is highly branched with about one branch for every 3-3.5 

nitrogens in a linear unit (Dick & Ham, 1970).  The analysis shows that PEI was coupled 

with activated agarose adsorbent since the nitrogen content is much higher compared to 

control, which did not contain any nitrogen.  Even though the nitrogen content of used 

adsorbent showed a decrease in nitrogen, the number is still high compared to the control.  

This confirms the ability of PEI-agarose to be regenerated. 
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2.3.3 Cu CMP wastewater 

 Actual Cu CMP wastewater, obtained from the CMP lab at the Department of 

Chemical and Environmental Engineering at the University of Arizona with the Fujimi 

7102 based slurry, was blue and cloudy due to the copper and abrasive particles, 

respectively.  Preliminary chemical tests performed in the laboratory found a very high 

turbidity of 360-375 NTU, where NTU is a unit of turbidity, and a very high total 

suspended solid (TSS) of 5,600 mg/L.  The attempts to use unfiltered wastewaters 

directly in batch and continuous flow experiments failed due to the presence of 

nanoparticle size abrasive particles.  After batch copper adsorption, regeneration of PEI-

agarose was unsuccessful because the membrane filter used could not separate the 

abrasive particles from the PEI-agarose adsorbent due to the similar size range.  In the 

end, adsorbents were mixed with abrasive particles and could not be used again.  In 

continuous flow experiment, abrasive particles interfered with the packed-bed by forming 

layers in the column.  The column had to be taken apart, cleaned, and re-packed with the 

new material.  Thus, it was necessary to remove the abrasive nanoparticles prior to 

removing the copper.  The particles in the wastewater were removed using 0.4 and 0.015 

μm pore size membranes.  The properties of the waste stream prior to and after filtration 

are shown in Table 2.2.  Illustrations of the wastewaters are presented in Figure 2.9.    
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Table 2.2  Physical properties of Cu CMP wastewater 

Type of  

Cu CMP wastewater 

Dissolved Copper 

(ppm) 
pH 

Turbidity 

(NTU) 

TSS  

(mg/L) 

Raw 185-190 7.91 360-375 5600 

Filtered 180-185 8.38 25-30 967 

 

 

 

Raw  
Cu CMP 

Wastewater 

Filtered  
Cu CMP 

Wastewater 
Slurry 

 

Figure 2.9  Comparison of raw and filtered Cu CMP Wastewater  
 (Padilla-Luciano et al., 2006). 
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2.3.4 Batch Experiments to Determine the Kinetics of adsorption 

 The kinetics of adsorption of copper ions to PEI-agarose adsorbent were studied 

to determine whether copper uptake by the adsorbent was sufficiently fast to apply to a 

continuous flow system.  Figure 2.10 contains a plot of Cu2+ ion adsorption to PEI-

agarose adsorbent as a function of time.  Two distinct adsorption phases were noticed, 

initial rapid uptake followed by gradual uptake.  The experiment was allowed to reach 

equilibrium, usually after 24 hours.  The initial rapid phase is probably due to the 

adsorption of Cu2+ ions to PEI, where initially all nitrogen adsorption sites are available 

for copper ions.  The more gradual uptake may be due to transfer of copper ions into the 

solid support or may be due to mass transfer limitations of the copper ions reaching 

remaining available adsorption sites.   
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Figure 2.10  Concentration of copper as a function of time.  Experiment was done in 
 batch mode at a pH 5.5.  Diamonds indicate experimental data.  Error  
 bars denote 95 percent confidence interval. 
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2.3.5 Batch Experiments to Determine the Mechanisms of adsorption 

In order to accurately describe the behavior of the fixed-bed column, it is 

important to quantify the amount of copper that the PEI-agarose support adsorbs.  One 

way to do this is to obtain an isotherm by performing a series of batch adsorption 

experiments.  The classification and shape of the isotherms are largely determined by the 

adsorption mechanism and can therefore be used to understand the nature of the 

adsorption (Giles et al., 1973).   

Adsorption isotherm for copper ions on PEI-agarose adsorbent is shown in Figure 

2.11.  The isotherm is concave toward the abscissa indicating favorable adsorption.  The 

isotherm generated from adsorption equilibrium data can be interpreted in terms of a 

Langmuir isotherm.  The general form of the Langmuir model is described by equation 

2.12.  By plotting a linearized form of the Langmuir equation (C  vs ), the maximum 

adsorption capacity ( ) and Langmuir isotherm constant (

qC /

maxq K ) are easily obtained, as 

shown in Figure 2.12.  The linear least-squares fitting procedure is used to predict the 

best-fit line to these data points.  From the slope, the maximum adsorption capacity 

( ) was found to be 30.63 ± 1.29 mg Cumaxq 2+/g adsorbent.  From Y-intercept, the 

Langmuir constant value ( K ) was calculated as 5.63 ± 0.42 m3/mol. 
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Figure 2.11  Isotherm for the adsorption of copper ions to PEI-agarose adsorbent. 

 Circles indicate experimental data.  Experiments were done in batch  
 mode at a pH of 5.5, room temperature, 24 hours.   Error bars denote  
 95 percent confidence interval. 
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Figure 2.12  Adsorption Isotherm for Cu2+ ions on PEI-agarose adsorbent. 
Diamonds indicate experimental data.  Continuous line indicates 
best fit of linearized Langmuir model.  Experiments were done in 
batch mode at a pH of 5.5, room temperature, 24 hours.   Error 
bars denote 95 percent confidence interval. 
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2.3.6 Column Characterizations 

 The behavior of adsorption of copper was monitored dynamically in a fixed-bed 

column packed with PEI-agarose adsorbent.  The data from copper adsorption in 

continuous flow packed-bed column experiments were reported in terms of copper 

concentration as a function of pore volumes in order to compare these data to other 

copper adsorption experiments.  In order to compare experiments to ADR theory, the 

column porosity and dispersivity were determined. 

2.3.6.1 Column porosity 

 The porosity was calculated by analyzing the column’s response to a conservative 

tracer.  Figure 2.13 is a plot of τ versus Q
A  for one set of experiments.  The mean 

column porosity for three sets of experiments was found to be 0.90 ± 0.03. 
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Figure 2.13  Determination of fixed-bed column porosity. Diamonds indicate
 experimental data. Continuous line indicates linear least-squares 

 regression. Experiments were done in continuous column at a pH 
 of 5.5, using 5,000 ppm of IPA as a tracer. 
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 2.3.6.2 Dispersion coefficient 

Dispersion coefficient ( ) plays an important role in the adsorption model 

equation.  This parameter can be obtained experimentally.  Figure 2.14 shows 

experimental data for the conservative tracer and the best fit of the data to equation 2.10 

using MathCAD.  The program code is found in Appendix D.  The value of for the 

working flow rate (i.e., 1.5 mL/min) is 8.62 x 10

zD

zD

-3 cm2/s with the mean square error of 

0.026.  

2.3.6.3 Column Breakthrough Analysis 

Several copper breakthrough experiments were performed to study the behavior 

of copper adsorption in a continuous flow fixed-bed system.  Results are reported as 

copper breakthrough curves.  The predicted model for copper adsorption in a continuous 

flow system is given in equation 2.16.  After obtaining all parameters needed to solve this 

equation (i.e., Langmuir isotherm parameters and dispersion coefficient), this partial 

differential equation was solved and compared to experimental data (Figure 2.15).  The 

model predictions agree closely with the experimental data collected.  The only 

adjustable parameter when solving equation 2.16 is the fluid flow rate.  The dispersion 

coefficient and the fluid velocity change with the flow rate of each experiment.  The 
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method for COMSOL program is found in Appendix E along with all parameters needed 

for the model prediction in Figure 2.15.   

 

 

Figure 2.14  Fit curve of experimental data to dispersion coefficient solution  
 equation to find  that has the least error.  Crosses indicate  zD
 experimental data while solid line represents the theoretical value.  
 Experiment was done in a continuous flow column at a flow rate  
 1.5 min/mL using 5,000 ppm IPA as a tracer. 
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zD  = 8.6 x 10-7 m2/s  

Figure 2.15  Comparison of theoretical and experimental column breakthrough  
 curve for copper adsorption to PEI-agarose absorbent.  Diamonds 
 indicate experimental data while solid line presents model 
 prediction.  Experiment was done in a continuous flow column at a 
 flow rate 1.5 min/mL using 240 ppm control solution.  Error bars  
 denote 95 percent confidence interval. 
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2.3.6.4 Desorption and Recovery of Copper 

 The ability to regenerate the PEI-agarose adsorbent and subsequently recover the 

copper is an advantage of using this fixed-bed column method.  A column loaded with 

copper ions was flushed with 0.1 M acetate buffer at a pH of 5.5 to remove all unbound 

or loose copper from the column before washing the column with hydrochloric acid.  The 

desorption profile presented in Figure 2.16 exhibits a steady release of copper from the 

column for the first 20 bed volumes of buffer rinse.  Then, the rest of the excess copper 

ions were slowly removed from the matrix until all of the loose copper exited the column.  

This stage usually takes a long time due to the limitation of mass transfer of copper from 

the matrix.  The amount of total unbound copper was found to be 5 mg.  After the flush, 

the color of the column remained dark blue indicating that remaining copper stayed 

adsorbed in the column.  Once all the unbound copper was removed, the column was then 

washed with 1 M hydrochloric acid as the recovery profile illustrates in Figure 2.17.  The 

profile exhibits a sharp increase in copper concentration early in the acid elution process, 

reaching its maximum concentration of 27,110 ppm within 5 minutes.  This is much 

higher than the feed concentration of 240 ppm used to load the column.  To evaluate the 

copper recovery efficiency, the percentage of total grams of copper recovered was 

calculated from the breakthrough and recovery curves.  Over 99 percent of the copper 

adsorbed was subsequently recovered by washing with hydrochloric acid.  While 

theoretically, from the breakthrough curve, 280 mL of control solution at 1.5 mL/min 
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were required to load the column, only 15 mL of hydrochloric acid was required to 

recover 99 percent of the copper.  Even through this was done in a small scale with a 

packed column that has bed volume of 3.5 mL, the influent can be concentrated twenty-

fold using this adsorbent and regeneration method.  This is especially significant for 

industrial application.    
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Figure 2.16  Desorption of unbound/loose copper from a saturated packed-bed  

 column containing PEI-agarose adsorbent.  Squares indicate  
 experimental data.  Experiment was done in a continuous flow 
 column at a flow rate 1.5 min/mL using 0.1 M acetate buffer  
 solution at a pH of 5.5.  Error bars denote 95 percent confidence  
 interval.   
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Figure 2.17  Recovery of copper from a saturated packed-bed column containing 

 PEI-agarose adsorbent.  Diamonds indicate experimental data. 
 Experiment was done in a continuous flow column at a flow rate 1.5 
 min/mL using 1 M HCl solution.  Error bars denote 95 percent  
 confidence interval.   
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 In this chapter, copper removal in a continuous flow fixed-bed column was 

characterized using traditional theories (i.e., ADR equation).  The predicted model for 

copper adsorption in a continuous flow system, which is given in equation 2.16, agrees 

closely with the experimental data collected.  The copper binding capacity of 25 mg 

copper/mL adsorbent is in accorded with 31.75 mg copper/mL packed adsorbent 

observed in Steinmann et al., 1994.  The void fraction of the packed adsorbent in a 

column of 24 percent is comparable to 35 percent found in Steinmann (1994) work as 

well.    
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3.  CMP PAD SURFACE MODIFICATION 

AND 

CLEANING OF COPPER STAINS 

The majority of the work presented in this dissertation focuses on the treatment of 

copper from Cu CMP waste streams.  This treatment is proposed to be employed either 

right after the CMP process in the sub-fab area or after all the waste streams are 

combined.  Both scenarios aim to treat copper waste at the end-of-pipeline.  In contrast, 

the scope of the first part of this chapter focuses on the treatment of copper ions where 

they are generated (i.e., Cu CMP process) in order to reduce the cost of copper treatment 

unit operations.  As mentioned in section 1.3.2, the CMP process occurs as a wafer 

surface is moved across a polishing pad with an applied pressure in the range of 1-10 psi, 

in the presence of slurry.  One issue of concern during planarization processing is the re-

deposition of metal ions on the wafer surface.  As the metal layer is removed, metal ions 

are diluted into the slurry matrix, however, some of these ions can redeposit onto the 

wafer and decrease product yield.  Another problem stems from the fact that ions in the 

slurry can cause abrasive particles to agglomerate and scratch the surface of the wafer.  

Therefore, this work aims to elevate the problem of re-deposition by adding a capture 

film layer to the polishing pad, usually polyurethane based, that will serve as a “sink” for 

metal ions.  
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 The second part of this chapter focuses on the use of chelators as copper stain 

cleaning agents.  The Cu CMP polishing process generates copper stains on a CMP pad 

that could affect removal rate and shorten a pad’s lifetime.  Thus, semiconductor 

manufacturers perform post Cu CMP pad cleaning using proprietary cleaning solutions.  

Unfortunately, large quantities of cleaning solution are required and the cleaning solution 

is discarded after a single cleaning cycle.  The use of chelators in place of the current 

cleaning solution may reduce the chemical usage since the chelators can be regenerated 

and thus reused after cleaning the pads. 

3.1 Introduction to polishing pad 

A polishing pad or CMP pad provides a surface with small rough points known as 

asperities.  These asperities make contact with the wafer to sweep away material on the 

surface of the wafer.  There are several types of polishing pads used for Cu CMP.  

Considerations in pad design are geared towards meeting the goals of providing optimal 

polishing results, while efficiently utilizing slurry and maintaining a long pad lifetime.  

Polishing pads can vary in material type, porosity, pad thickness, grooving type, density 

and hardness (Liang & Craven, 2005).  The conventional industrial CMP process occurs 

in two stages, each performed on an exclusive polishing platen (Oliver, 2004).  The first 

stage is a primary polish that removes the majority of the surface material.  This process 

is usually done with a urethane-based pad, which is harder and more capable of 
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generating polished surfaces with longer ranges of planarization.  The second polish is 

intended for buffing and is usually done using soft, poromeric pads.  This project focused 

on the harder urethane based pads used for bulk material removal because this is where 

the majority of copper is targeted.  

Polyurethane is typically composed of at least three components including long 

chain polyol, diiocyanate or isocyanate of higher functionality, and a chain extender 

(Oliver, 2004) as seen in Figure 3.1. 

 

 
   

 

Figure 3.1  Chemical reaction for the formation of polyurethane  
 (Wang & Lin, 2003).                                                                                                
 

 

The molecular structures of polyurethane can vary from rigid cross-linked 

polymers to linear elastomers.  This variation in morphology gives polyurethane the 

unique feature of having ‘soft’ and ‘hard’ segments.  Soft segments are comprised of high 

molecular weight diol chains of the urethane and therefore have increased flexibility, 
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toughness and resistance to wear.  Hard segments are cross-linked portions of the pad and 

are regions of the pad with increased strength and stiffness (Sorooshian, 2005).  The 

relative amounts of these segments is a significant determinant of the properties of the 

pad and can somewhat be controlled by the annealing conditions of the polymer reaction 

itself.  

Many industrial CMP processes implement the use of softer base pads (sub-pad) 

under hard pad in order to improve polishing uniformity.  These cushion-like sub-pads 

enable better contact between the pad and wafer through improved pad flexibility (West, 

2001).  As seen in Figure 3.2, the polymeric, foam-type, base is much different in 

structure when compared to the harder top layer.  The improved flexibility encountered 

by the wafer on the pad has shown to improve wafer-level uniformity at the cost of 

planarity, however industrially it has proven enough value for its implementation. 

The pads used in semiconductor manufacturing can be classified into four types: 

type I, felts and polymer impregnated felts; type II, microporous synthetic leathers; type 

III, filled polymer sheets; and types IV, unfilled textured polymer sheets (Li, 2005).  The 

type that is predominantly used for the Cu CMP polishing application is type III due to its 

higher ability to planarize compared to the others.  However, it has less slurry loading 

capacity and less compressibility due to its closed cell microstructure.  The microporous 

pad is contains a closed pore structure with spherical diameters ranging between 30 to 50 

μm (as seen in Figure 3.2).  On average, the pores take up approximately one third of the 
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total pad volume and facilitate the transport of slurry to the pad-wafer interface (Oliver, 

2004).  

 

Top pad 

Sub pad 

100 μm 

 
Figure 3.2  Cross sectional SEM image of IC1400™ polyurethane based 

100 μm 

 polishing pad (top) with sub pad (bottom) (Sorooshian, 2005). 
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Groove design is another significant consideration regarding polishing pads.  As 

shown in Fig. 3.3, the surface of the pad contains either cut grooves or perforations 

punched into the pad (1-mm-wide, and 250-μm-deep).  Together with pores and walls 

inside the pad micro-structure, pad grooves aid in efficient slurry transport and 

distribution across the pad-wafer interface while asperities of the pad contribute to the 

mechanical abrasion of the wafer surface (Sugimoto et al., 1995).  Uniform slurry 

distribution is very important to achieve center-to-edge polishing uniformity, especially 

on 300 mm wafers.  At the same time, these grooves carry away the debris from the pad-

wafer interface and introduce fresh slurry into the interface again thus decreasing the 

possibility of wafer scratching.  Grooves of the pad also serve as the channels for the 

transfer of heat from the pad surface (Sohn et al., 2000).  Removal of frictional and 

chemical heat can avoid localized regions of rapid chemical reaction.  Furthermore, 

grooves can change the lubricity of the pad-wafer interface and prevent hydroplaning at 

the interface by creating disruptions in the continuous layer of fluid.  Hydroplaning limits 

the transport of fresh slurry hence decreases material removal rate.  
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Figure 3.3  Four common types of pad grooving designs (figures are not to scale).  

  

In order to remove copper ions using a polishing pad, it was desirable to 

determine if the surface of the pad can be modified by attaching chelators onto the 

surface of the CMP pad.  Then, copper ions should be able to adsorb onto the pad during 

the polishing process, hence, removing the metal from the point-of-source. 

3.2 Polishing pad surface modification 

 Surface modification is a process that attaches and improves the outer matrix of 

substrates to have specific properties.  This process can be obtained via graft 

polymerization methods.  The initial step of graft polymerization is to introduce 

peroxides onto the surface of the substrate polymer (i.e., polyurethane based-CMP pad).  

There are a variety of methods which produce the peroxides on polymer surfaces.  The 

well known methods involve low-temperature plasma generated by glow discharge 
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(Joseph & Sharma, 1986; Fujimoto et al., 1993), the use of high-energy of γ-rays or 

electron beams (Hoffman & Kraft, 1972; Hongfei et al., 1985; Thanoo et al., 1991), 

ultraviolet radiation (Cho et al., 2006), and ozone (Fujimoto et al., 1993).  In general, the 

effects of exposure of polymers to high energy radiation will lead to some change in the 

properties of the polymer.  However, the interaction with the high energy electron is 

complex and a random process and depends both on the substrate and the method of 

oxidation (Dawes & Glover, 1996).  Even silicone and fluorinated polymers, which are 

regarded as the most chemically-resistant, are able to be oxidized to yield peroxides on 

their surfaces by these methods (Ikada, 1992). 

 Once peroxides are formed on the substrate polymer, the second step of graft 

polymerization can be performed with the water-soluble monomers.  One important 

precaution is to note that oxygen or other inhibitors present in the monomer solution can 

interfere with the surface graft polymerization reaction and decrease the overall 

efficiency. 

 There are several competing reactions for this two step polymerization reaction 

(Kaur & Misra, 1997): 

• Competition between the various species present in the reaction mixture such as 

monomer, solvent, and substrate for the growing polymer radical, which means 

that there is competition between chain growth and various chain transferring 

steps 
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• Competition for the initiator radical between monomer and substrate 

• Competition among the terminating processes such as disproportionation after the 

polymer radical has formed, 

• Competition among the terminating processes in the growing graft species, and 

• Premature termination by combination of two growing polymeric chains. 

Even though the efficiency of this process is low, it has received considerable use 

because the reactions are easily carried out.  One merely needs to conduct polymerization 

of the monomer in the presence of the substrate polymer and a proper free radical 

initiator.  A solvent may or may not be present.  

 Compared to other radiation sources, cobalt-60 is the most powerful source that 

one could employ.  Additionally, γ-ray sources allow for deeper penetration of materials, 

sometimes an order of magnitude deeper.  The trade off is that the radiation rate is slower 

but stronger (Dawes & Glover, 1996).  Since the University of Arizona owns a nuclear 

reactor, this work explored using the γ-irradiation method for graft polymerization. 

 The chelators, which were tested for grafting to the polyurethane-based polishing 

pad, include branched-PEI, linear-PEI, and EDTA.  It should be noted that once the 

chelators are exposed to the high-energy source, the molecules may be degraded.  For 

example, Zimmerman (1973) recorded a change in the molecular weight of a 

macromolecule after irradiation.  This means that a long chain polymer like PEI could be 
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degraded down to monomers and a small molecule like EDTA could be completely 

destroyed depending on the amount of energy dosage applied during the radiation 

process.  

3.2.1 Experimental Set up 

3.2.1.1 Materials 

 Two types of commercially available CMP pads, a perforated pad and a K-groove 

pad (IC-1000™) from Rodel Inc., were donated by the CMP lab at the Department of 

Chemical and Environmental Engineering at the University of Arizona.  A two inch 

square piece was cut from a new pad, which had a thickness of about 1.3 mm.  It was 

rinsed with ultrapure water (UPW), and dried in an oven at 60°C overnight. 

Branched polyethyleneimine with a molecular weight of 1,200 was purchased 

from Polysciences, Inc. as well as crystal linear polyethyleneimine, which has a 

molecular weight of 2,500.  Ethylenediaminetetraacetic acid disodium salt (EDTA) was 

purchased from EMD Chemicals Inc.  All other chemicals and buffer reagents were of 

analytical grade and were purchased from Sigma Aldrich.  A carbonate buffer was 

prepared from sodium bicarbonate and sodium carbonate in UPW and pre-filtered 

through a 0.22 μM membrane filter just prior to removing any particulate or colloidal 

matter. 
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3.2.1.2 Methods 

 3.2.1.2.1 Surface Modification 

In a 5 cm x 5.5 cm diameter container, a perforated CMP pad or a K-groove CMP 

pad was attached to the bottom using one drop of silicone glue.  After drying overnight, 

the container was filled with 115 mL of a 4 mM polymer solution, and purged with 

nitrogen gas for 10 minutes to remove all oxygen in the system, then sealed immediately.  

The container was subjected to gamma radiation from the 87 Curie cobalt-60 source at 

the University of Arizona at an approximately dose rate of 2.877 kRads/min.  The 

irradiation was performed at a room temperature for between 24 and 48 hours. 

In order to remove residual monomer and homopolymer on the pad’s surface, the 

irradiated samples were rinsed under UPW overnight.  Then the pads were dried in an 

oven at 60°C overnight.  Treated pads were immersed in a 3.78 mM copper nitrate 

solution for two hours, then rinsed with UPW and padded dry. 

Three types of polymer solutions include, branched-PEI, linear PEI, and EDTA, were 

compared.  Two types of liquid phases were also compared between polymers in water 

based and in buffer based (i.e., 0.1 M sodium carbonate buffer pH 10.5).  

 

 



 116

3.2.1.2.2 Surface Analysis 

X-ray photoelectron spectroscopy (XPS) methods were used to analyze the 

sample surface.  X-ray photoelectron spectrographs of the non-treated and modified pad 

were obtained on a spectrometer Kratos AXIS 165 manufactured by Kratos Analytical 

with monochromatized Al(k-alpha) radiation, 1486.6 eV photon energy.  Survey analysis 

was done using 160 eV pass energy and 300 W x-ray power using a hybrid lens mode (a 

combination of electrostatic and magnetic immersion lenses to increase photoelectron 

collection). 

3.2.2 Result and Discussion 

 Attempts were first made to identify the feasibility of modifying the surface of a 

commercially available CMP pad to adsorb copper ions during the polishing process in 

order to reduce the copper waste at the end-of-pipe-line.  Polyethyleneimine was selected 

as the chelator of choice to graft on CMP pad surface, which is polyurethane based, due 

to its high copper binding capacity.  Using the perforated pad, results from XPS analysis 

are presented in Table 3.1. 
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Table 3.1  Results from XPS analysis for solution based comparison 

Atomic Concentration Percent 
Solution  

Si C N O Cu 
Cu/C 

UPW 4.57 68.79 5.58 20.7 0.35 0.0051 

Sodium carbonate buffer 3.66 62.31 4.41 29.0 0.68 0.0109 

Non-treated Control 5.13 69.19 6.67 19.0 0 0 

  

 

The copper-carbon ratio found from CMP pad’s surfaces suggests that both 

irradiated samples were successfully grafted with PEI.  The control sample, which was 

not irradiated but immersed in copper solution, showed no sign of copper on its surface.  

When sodium carbonate buffer at a pH 10.5 was the base solution, the amount of copper 

adsorbed was twice the amount observed for the pH 7.0 UPW based solution.  This may 

be due to the slightly higher amount of electrons in the system at a higher pH (Spinks & 

Woods, 1990) and it could result in the more reaction on the pad’s surface to generate 

more radicals and peroxides.  A higher amount of peroxides will likely yield higher graft 

polymerization, thus, more binding sites for copper on CMP pad’s surface.   

 After the initial experiments, three different types of chelators were compared to 

determine the grafting efficiencies. The type of CMP pad was switched to a K-groove 

type due to the discontinuation of the perforated pad product from the same company.  
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The basic solution (i.e., sodium carbonate buffer at pH 10.5) was chosen based on the 

first set of experiments in order to get a maximum grafting capacity.  The results of 

atomic concentration percentage are illustrated in Table 3.2. 

Table 3.2  Results from XPS analysis for chelators grafting comparison. Each 
solution has a chelator concentration of 4 mM in 0.1 M sodium carbonate buffer.  
The radiation dosage was 1,035.72 kRad. 

Atomic Concentration Percent 
Chelators 

Si C N O Cu 
Cu/C 

Branch-PEI 3.68 70.12 7.50 18.4 0.32 0.0046 

Linear-PEI 8.00 60.87 6.05 24.7 0.37 0.0061 

EDTA 9.58 56.91 5.63 27.5 0.43 0.0076 

Non-treated 11.92 50.64 4.38 33.1 0 0 

 

  

The copper-carbon ratio indicated that with EDTA as a grafting substance, the 

modified CMP pad can adsorb the most copper when compared to branch and linear PEI.  

Comparing the polymer structures, it is noted that the branched-PEI polymer was the 

most complex while the EDTA is the simplest compound.  The degree of complexity of 

the molecule or amount of branching may affect the overall amount of binding of the 

chelator to the pad and thus partially explain the trend found in Table 3.2. 
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To explore further, whether a higher dosage and a higher concentration of 

chelators will result in a higher amount of polymer grafting on the CMP pad surface (i.e., 

higher copper-carbon ratio), the concentration of chelators as well as radiation dosage 

were doubled.  The results are shown in Table 3.3.  Not all chelated pads showed an 

increase in binding of copper to the surface.  EDTA at the higher concentration and 

higher dosage had the least amount of copper binding.  With the higher dose, most of the 

EDTA may have been destroyed resulting in less grafted material.  Branched and linear 

PEI grafted pads, on the other hand, showed a slight increase in the ability to bind copper.  

At the higher radiation dose, the PEI may degrade into monomers, which benefits the 

system.  Instead of having a long or branched chain, some of PEI may have become just 

ethyleneimine, which is a shorter molecule that grafts easier to the surface.  Overall, the 

linear molecule had the highest copper-carbon ratio.     
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Table 3.3  Results from XPS analysis for chelators grafting comparison. Each 
solution has a chelator concentration of 8 mM in 0.1 M sodium carbonate buffer. 
The radiation dosage was 2,830.88 kRad. 

Atomic Concentration Percent 
Chelators 

Si C N O Cu 
Cu/C 

Branch-PEI 3.81 69.14 7.06 19.6 0.39 0.0056 

Linear-PEI 8.63 59.64 6.37 24.9 0.47 0.0079 

EDTA 6.80 66.39 6.09 20.5 0.25 0.0038 

Non-treated 14.33 43.35 3.51 38.6 0 0 

 

  

Although the surface grafting results indicated some copper binding on the CMP 

pad, the amount of copper found was only a minute amount.  Additionally, increases in 

the radiation dose or the grafting solution concentration showed unimpressive grafting 

yield in return.  Furthermore, commercially available CMP pads are coated with some 

surface protection of unknown substance (i.e., trade secret).  This mysterious substance 

made the design of the gamma irradiation experiments even harder since it was the part 

of the pad surface that interacts first with the chelators before getting into the 

polyurethane based section.   

Another important characteristic of pads that needs to be mentioned is that even 

though the CMP pad is porous, the pores inside are not connected.  Therefore, the 
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chelators and therefore the copper can not diffuse through the pad to the subpad or inner 

parts of the pad near the adhesive layer (Figure 3.4) Therefore, even if copper is adsorbed 

in the pores, it will come back off because of the in-situ pad conditioning process.  This 

pad conditioning process uses a diamond disc to grind the CMP pad surface while 

polishing in order to smooth out the pad.  Thus, parts of the pad are continuously released 

to the CMP waste stream, and if the copper cannot continuously move towards the 

adhesive layer, it is released along with the pad parts.  Due to these limitations, this 

surface modification project was not pursued further.   

3.2.3 Conclusion and Suggestion on polishing pad surface modification 

The idea of having a chelator attached to the pad that attracts copper ions during 

the CMP process may still be worth pursuing.  This could be done by adding the chelator 

during the process of CMP pad production and modifying the pad so that it has open 

pores for copper ions to be able to diffuse through and be collected at the bottom of the 

pad.  This could be done by adding an additional capture layer between the pad and sub-

pad or between the pad and the adhesive layer (as illustrated in Figure 3.4) that will bind 

metallic ions.  If such a pad is made, the Cu CMP polishing processes needs to be 

performed using the new pad and a blanket copper wafer to compare and contrast the 

removal rate, non-uniformity, and selectivity to the performance of an unmodified 

polishing pad.   
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Figure 3.4  Polishing pad structures for perforated (left) and K-groove (right). 

 
 

3.3 Copper stains on polishing pad after Cu CMP process 

During the Cu CMP process, polish by-products, which are generated from the 

chemical interaction between the copper film on the wafer surface and the chemical 

slurry, are usually found on the polishing pad surface.  The stain colors on the pad are 

green and brown, as illustrated in Figure 3.5.  Brown stains occur due to higher polish 

temperatures than the green stain.  The stains increase with polishing pressure, wafer 

rotation rate, slurry flow rate and polishing times (Lee et al., 2007).  The XPS analysis, 

spectrum graph shown in Figure 3.6, suggests the by-product species are cuprous oxide 

(Cu2O) and cupric hydroxide (Cu(OH)2).  Lee et al. have found that the stained area is 

not just a glaze or discoloration, but rather the pad surface topography has been 

Porous Pad

Capture Film

Sub-pad

Adhesive Layer
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permanently altered.  Additionally, Han et al. (2007) revealed that the by-products were 

impregnated in pores and on grooves of the pad, hence, these copper stains cannot easily 

be removed by simple pad conditioning using an in-situ diamond disc.  Moreover, the by-

products formed may affect the removal rate and may cause defects on wafers (Lee et al., 

2007).  Eventually, the stains decrease the pad lifetime.  To alleviate this problem, some 

semiconductor manufacturers use a special pad-cleaning solution such as 3 percent oxalic 

acid to eliminate the stains on the pad and increase the overall pad lifetime.  The low pH 

oxalic acid rapidly dissolves both Cu2O and Cu(OH)2, undercutting particles or organic 

defects in the oxide (Buley et al., 2005). 

 
 
 

 

 
Figure 3.5  Polishing pad after Cu CMP process. Copper stains present  

 in brown and green color (Lee et al., 2007). 
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Figure 3.6  XPS analysis results performed a stained polishing pad. Graph  
 revealed two possible copper species on the pad (Lee et al., 2007). 

 

Ideally, the post Cu CMP cleaning of the pad would occur right after a wafer 

leaves a Cu CMP platen.  Stain cleaning processes using oxalic acid usually take less than 

a minute so the tool’s down time is minimized.  However, after considering the combined 

volume of oxalic acid waste produced from this post Cu CMP pad-cleaning due to large 

numbers of wafers processed per day with multiple layers of copper, the idea of finding 

new cleaning solutions that can be reused or recycle was explored.           
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Work in Appendix B has shown excellent performances of both EDTA and PEI in 

removing copper from Cu CMP waste streams due to their great affinities for copper.  

Additionally, PEI has the potential of being recycled after use because of the large size of 

molecule that can be ultra-filtered.  The recycling of a cleaning solution after use should 

reduce the amount of chemical used as well as eliminating treatment of oxalic acid; thus, 

decrease the COO of the microchip’s manufacturer.  Of course, prior to implementation 

the additional capital costs of filtration need to be compared to disposal costs of the 

waste.  This work focuses on investigating the feasibility of using PEI in place of oxalic 

acid to remove copper stain on polishing pads.  Examining the efficiency of EDTA as a 

cleaning solution was included for completeness. 

3.3.1 Materials and Methods 

3.3.1.1 Materials 

 A copper stained CMP pad, IC1000™ XY-groove, was provided by the CMP lab 

at the Department of Chemical and Environmental Engineering at the University of 

Arizona.  The polishing pad received had been used to polish a four-inch blanket copper 

wafer in conjunction with Cabot slurry.  Diamond disc conditioning was employed in-situ 

throughout polishing using a four-inch 100-grit disc from 3M with 2 lbf conditioning 

force.  Polishing was performed at a constant platen and head velocity of 80 rpm, slurry 

flow rate of 25 mL/min, pressure head 3 psi, and polish time, 60-sec.  
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  A 10 mm square was cut from the stained pad, rinsed with ultrapure water 

(UPW), and dried in an oven at 60°C overnight.  The copper stains were sorted into three 

colors; light green, dark green, and brown. 

Branched polyethyleneimine with a molecular weight of 1,200 was purchased 

from Polysciences, Inc.  Ethylenediaminetetraacetic acid disodium salt (EDTA) was 

purchased from EMD Chemicals Inc.  Oxalic acid was purchased from Sigma Aldrich. 

All solutions were prepared in UPW.  

3.3.1.2 Methods 

  Three different colors of stained pads were put into a 50 mL flask.  Each flask 

was filled with 10 mL of cleaning solution.  Then, the flasks were rotated for 10 minutes 

at 200 rpm at room temperature.  The concentrated cleaning solutions consisted of 3 

percent oxalic acid, 0.05 M EDTA solution, and 0.05 M PEI solution.  The concentrated 

solutions were diluted with water to determine the minimum amount of chemical required 

to clean a pad.  The cleanliness of the stained pad was observed.  No further physical 

tests were performed.  Results were reported as clean, partially clean, or no change.      

3.3.1.3 Results and Discussion 

 This project was a preliminary study to investigate the feasibility of using either 

EDTA or PEI in place of a current cleaning solution for post Cu CMP pad-cleaning.  The 
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cleaning performance of both chelators was investigated in comparison to oxalic acid.  

The results of the copper stain cleaning processes are reported in Table 3.4 for three 

different colors of pad stains. 

Table 3.4  Copper stain results for CMP pad cleaning     

Oxalic acid 3% (0.22 M) EDTA 0.05 M PEI 0.05 M 
% Brown Dark 

Green 
Light 
Green Brown Dark 

Green 
Light 
Green Brown Dark 

Green 
Light 
Green 

100 C C C C C C C C C 
90 C - - C C C C C C 
80 C - - C C C C C C 
70 C P P C C C C C C 
60 C P P C C C C - C 
50 C P P C C C C P C 
40 C - P C C C C P - 
30 C N P C C C C P P 
20 C N N C P P C P P 
10 - N N - - - - - - 
0 N N N N N N N N N 

 

Remarks: C – Clean, P – Partially clean, N – not clean  

  

Overall the experiments demonstrated the potential of using either EDTA or PEI 

in place of oxalic acid.  Both chelators were able to completely clean copper stains even 

at a much lower concentration than oxalic acid.  Additionally, PEI at a concentration of 

0.035 M and EDTA at a concentration of 0.015 M were able to clean all stain colors 

while oxalic acid was capable of cleaning only brown color stains at a concentration 



 128

lower than 3% (i.e., 0.22 M).  Dark green color stains were found to be the hardest ones 

to remove.      

 These results can be used to optimize the cleaning solution concentration.  Once 

the concentration is selected, the chelator regeneration step would be optimized.  For PEI 

this could be done using membrane filtration with a filter having a molecular weight cut 

off smaller than PEI.  After concentrated copper is removed, the cleaning solution may be 

reused and the cleaning efficiency tested.  Another thing to be considered is how many 

times the same cleaning solution can be reused before regeneration and recycle.  

3.3.1.4 Conclusion and Suggestion 

 In this preliminary work, EDTA and PEI showed potential for replacing oxalic 

acid cleaning solutions for post Cu CMP pad cleaning.  This can significantly reduce the 

amount of chemicals used and the treatment of waste at the end-of-pipe.  Further tests are 

required to determine the regeneration of these chelators as well as the efficiency of a 

regenerated solution.  Other than general observation, XPS analysis could be done to 

confirm the pad’s cleanliness.  Cu CMP polishing tests should be performed on the 

cleaned polishing pad using a blanket copper wafer to compare and contrast the removal 

rate, non-uniformity, and selectivity to polishing pads cleaned using oxalic acid. 
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4.  CONCLUSIONS AND RECOMMENDATIONS 

Chemical Mechanical Planarization (CMP) is a critical process that must be 

employed to eliminate any topography and as such its use is projected to increase with 

the increased production of the next generation of semiconductors.  The CMP and post-

CMP cleaning processes are projected to account for 50 percent of the ultra pure water 

consumed during the fabrication process.  In addition, wastewaters will contain 

increasing amounts of copper as it continues to be used for multi-layered metal 

interconnects.  While there are a variety of treatment schemes currently available for the 

removal of heavy metals from CMP wastewater streams, many introduce additional 

chemicals to the process, have large space requirements, or are not effective.  

Polyethyleneimine (PEI) is well known for its ability to bind metal ions.  While work has 

been conducted on the use of PEI on membrane filtration for binding metals from 

industrial wastewaters, the experiments performed in this research are novel with respect 

to the waste (Cu CMP) treated as well as the method of packed bed column treatment.  

Agarose solid support was chosen because the binding function to PEI was fully explored 

and well understood, thus, it can be model studied.  Furthermore, the application to waste 

streams using other types of solid support can be applied due to the clarification of its 

functional groups.  This work focused on the removal of both metal ions and metal-
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chelated complexes from Cu CMP wastewater streams.  Additionally, the competitive 

binding of copper between PEI and other complexing agents was investigated.  This 

study was an investigation into the feasibility of using these options for the 

semiconductor industry.  Further study of some important issues remains and may be 

addressed in the future. 

4.1 Conclusions 

PEI has an advantage of being partially protonated at a pH of 5.5.  Normally, two 

or four nitrogen atoms of non protonated amine groups chelate copper ions via 

coordination interaction.  Moreover, protonated amine groups react with copper chelated 

complex anion through the Lewis acid-base interaction and/or electrostatic interaction.  

PEI-agarose gel showed great affinity of binding copper ions in batch and continuous 

column systems.  The copper binding capacity on the adsorbent in a continuous column 

was determined to be 25.0 ± 0.9 mg copper/mL adsorbent.  This capacity is comparable 

to those of other commercially available ion exchange resins.  The performance and 

reproducibility of the adsorbent did not change even after several regenerations using 

hydrochloric acid eluents.  A mathematical model to predict the behavior of a packed bed 

column, containing PEI-agarose gel with copper nitrate solution, was developed and 

tested.  The model is expressed by the Adsorption-Dispersion-Reaction (ADR) equation 

coupled with Langmuir Isotherm.  A comparison between experiment and model showed 
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good agreement.  However, this model does not accurately predict the behavior of 

removal of copper-complexes due to the complexity of the binding mechanisms.     

This waste treatment technique is feasible for the semiconductor industry 

wastewater streams.  Results confirmed that PEI-agarose adsorbent is capable of removal 

copper and copper complexes from Cu CMP actual wastewater.  The copper binding 

capacity in a continuous column was determined to be 18.6 ± 0.2 mg copper/mL 

adsorbent.  Large volumes of copper contaminated solutions from Cu-CMP waste can be 

concentrated twelve-fold for metal recovery.  The variations of concentrations and 

compounds in the waste streams correspond to the variations in chemical slurry and Cu 

CMP methods. 

The components typically found in Cu CMP waste streams such as organic 

compounds, inhibitors, and surfactants have no effect on copper binding using a PEI 

adsorbent.  Chelating agents, on the other hand, affect the total copper binding in a 

continuous column.  When the complexing agent is present, the effects of mechanisms 

and amounts of copper removal varied with its type and concentration. 

 The presence of EDTA in a copper solution decreases the total copper uptake in a 

continuous column.  Competitive binding between EDTA and PEI for copper was 

observed.  Although copper has a greater affinity for EDTA, PEI is still capable of 

retaining copper-EDTA complexes due to the protonated amine groups.  However, an 

excess of EDTA leads to an increase in the fraction of free dissociated (anionic) ligand 



 132

that competes for the protonated amine groups, and therefore leads to a decrease in 

sorption capacities in the column.  An excess of metal leads to an increase in the binding 

capacities in the column due to the uptake of PEI in both forms (i.e., protonated and non 

protonated amine groups).   

In contrast, the presence of citric acid amplifies copper uptake in the column 

using PEI adsorbent regardless of what molar ratio of citric acid to copper.  This is a great 

advantage when wastewater streams contain either low or high amounts of citric acid 

ligand.  Since citrate ions are bound to PEI through both chelation and/or electrostatic 

interaction, copper ions are able to interact with both PEI and citrate leading to a very 

high amount of copper retained in the column. 

The filtration of abrasive particles in the Cu CMP actual waste has to apply before 

the removal of copper in the column to prevent clogging, thus, a pilot plant scale of a 

combined unit operation contains a membrane filtration and packed bed columns may be 

tested and evaluated for an industrial application.  A granular activated carbon column 

may follow the copper treatment operation to remove organic from the waste streams.  

This treatment is proposed to be employed either right after the CMP process in the sub-

fab area or after all the waste streams are combined.  Waste streams from a filtration 

process are suggested to be separated into two streams (i.e., two copper removal 

columns) for a faster treatment.  One additional column is recommended to prevent or 

reduce the down time from a cleaning process.     
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4.2 Future Work and Recommendation 

Prior to implementation of this technique in a fabrication, a pilot plant scale of a 

combined unit operation is recommended for testing.  Unit operations must contain a 

membrane filtration prior to a copper removal.  Series of tests should be run to find the 

optimal flow rate, a membrane and a column life time, overall removal efficiency, and an 

approximation of a cost of operation.     

To confirm binding mechanisms of the complex systems contain Cu-EDTA-PEI 

and Cu-citrate-PEI, the chemical structures of those systems may be detected using 

Electron Paramagnetic Resonance (EPR) spectroscopy.  By collecting the effluent 

samples from a column and analyzing the chemical structure of each compound at each 

point of the breakthrough curve, the hypothesis made based upon the copper 

breakthrough behaviors and the amounts of copper binding capacity in the column can be 

supported.   

The idea of having a chelator attached to the polishing pad that attracts copper 

ions during the CMP process may still be worth pursuing.  By adding the chelator during 

the process of CMP pad production and modifying the pad so that it has open pores for 

copper ions to be able to diffuse through and be collected at the bottom of the pad.  The 

Cu CMP polishing processes needs to be performed using the new pad and a blanket 

copper wafer to compare and contrast the removal rate, non-uniformity, and selectivity to 

the performance of an unmodified polishing pad. 
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APPENDIX A 

TREATMENT OF COPPER FROM Cu-CMP WASTE STREAMS USING 

POLYETHYLENEIMINE 

A.1 Abstract  

Commercially available Cu CMP waste treatment processes involve: 1) 

pretreatment chemistry using oxidizers to break down complexed copper and 

precipitation of copper hydroxide; 2) microfiltration of both slurry particles and copper 

hydroxide; and 3) ion exchange to remove Cu2+ ions.  Ion exchange resins used to remove 

Cu2+ ions are limited to only removing cations and also have a low efficiency in binding 

Cu2+ ions.  The treatment strategy to be evaluated here only requires using two processes 

to remove the copper from Cu CMP waste – filtration to remove the particles followed by 

chelation.  This paper focuses on the chelation step.  The chelator of interest is 

polyethyleneimine (PEI) bound to agarose beads.  PEI removes both Cu2+ ions and Cu-

complexes.  The particles from slurry in the actual Cu CMP waste were removed by 

filtration before the experiment.  The results show that PEI has a higher binding capacity 

for Cu2+ ions than ion exchange resins.  Its performance and reproducibility did not 

change after multiple regenerations.  Furthermore, PEI has the ability to bind Cu-
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complexes through electrostatic attraction.  Although the bonds aren’t strong, the result is 

more overall copper removal from the waste stream.  The copper component of the Cu 

CMP waste was concentrated 12 fold using this system. 

A.2 Introduction 

Copper is used extensively in semiconductor circuits as the multi-layer metal.  

One process that could be repeated hundreds of times during the fabrication is chemical 

mechanical planarization (CMP).  CMP has become a key technology in ultra large scale 

integration device manufacturing to fabricate submicrometer metal and dielectric 

structures.  In the process, planarization of the metal and the dielectric is achieved by 

polishing a wafer with uneven topography on a polymeric pad using a combined action of 

mechanical forces and chemical slurry consisting of submicron sized abrasive particles.  

In addition to abrasive particles, chemical slurry also contains complexing agents, 

corrosion inhibitors, oxidizing agents, surfactants and organics.      

The proprietary nature of Cu CMP wastes throughout the industry makes the 

design and analysis of a general treatment system especially challenging.  A 

commercially available Cu CMP waste treatment process involves three steps: 1) 

pretreatment chemistry using oxidizers to break down complexed copper and 

precipitation of copper hydroxide; 2) microfiltration of both slurry particles and copper 

hydroxide; and 3) ion exchange to remove Cu2+ ions.  The limitation of ion exchange 
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resins include low efficiency in binding Cu2+ ions and simultaneous removal of other 

anions that limit the overall removal of copper. 

Alternative adsorbents include bacterial cells, granulated activated carbon, and 

chelators.  The binding capacities of these adsorbents are compared in Table A.1.   

Bacterial cells and the chelator polyethyleneimine (PEI) have significant higher Cu2+ 

binding capacities than ion exchange resins.  Bacterial cells have the advantages of being 

inexpensive to produce and comparable Cu2+ removal.  However, bacteria break down 

over time and thus the number of times they can be regenerated and reused is limited.  

Considering both extensive performance and longer lifetime adsorbent criteria, PEI is a 

better choice.  Although other types of chelators such as Iminodiacetic acid (IDA), 

Dipicolyl amine (DPA), and Tris-(2-ethylaminoethyl) amine (TREN) were investigated, 

Cu2+ binding capacity results were best for PEI [1].  

Table A.1  Copper binding capacities of various adsorbents 
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PEI is a polymer with a high content of amine-nitrogen.  It is formed by the 

polymerization of ethyleneimine.  Polymerization in aqueous solution leads to a product 

high in molecular weight, which is amorphous and highly soluble in water [6].  The 

polymer has the repeating C2H5N unit and is highly branched with about one branch for 

every 3-3.5 nitrogen atoms in a linear unit [7]. 

Crosslinked agarose, which has an average diameter of 40 μm, was chosen as the 

solid support in order to have a hydrophilic adsorbent with a low resistance to flow.  

Adsorbent agarose consists of an agarobiose (i.e. two sugars) unit, which is the repeating 

monomer in the agarose matrix.  Commercially available agarose is not completely pure; 

it is contaminated with other polysaccharides, salts, and proteins [8].  Covalent bonding 

of chelating ligands to this material has been extensively studied in connection with the 

preparation of adsorbents for immobilized metal ion affinity chromatography (IMAC) of 

proteins and peptides [9].  PEI-agarose is not only a complexing agent, but also an anion 

exchanger due to the protonation of its amino groups [6]. 

The goal of this work was to investigate if PEI-agarose removes copper from Cu 

CMP waste streams to sub-ppb levels.  The federal regulation limit for copper discharge 

is less than 1 ppm [10].  Furthermore, the results showed how components in Cu CMP 

waste streams affect the ability and performance of PEI in binding copper.  Batch and 

continuous flow experiments were performed. 
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A.3 Experimental Setup and Procedures 

A.3.1 Adsorbent Preparation 

The support used was a highly crosslinked and activated agarose gel with the 

trade name of NovaroseTM from Grom Chromatography GmbH, Germany.  The Novarose 

support has a pore size exclusion limit of 200,000 Daltons.  The mean bead size is 40 μm 

in diameter. 

The following procedure was used to prepare 10 mL of PEI-agarose adsorbents. 

Approximately 30 mL of activated Novarose was poured onto a glass-filter and washed 

three times with 50 mL of ultrapure water (UPW) to remove the ethanol solution 

(Novarose is delivered in 25 percent ethanol solution).  After the final wash, the gel was 

vacuum filtered until the gel cake cracked.  Ten mL of the activated Novarose were 

removed and washed twice with 25 mL of 0.1 M sodium carbonate buffer at pH 11 on a 

glass-filter, suction dried and weighed.  PEI (usually 5 g of a 100 percent solution) was 

added to 10 mL of 0.1M sodium carbonate buffer pH 11 in a 100 mL screw capped 

plastic bottle and the viscous solution homogenized on a mixer.  The pH of the solution 

was measured and if necessary adjusted with 6 M sodium hydroxide or 5 M hydrochloric 

acid.  The Novarose was added to the bottle which was then placed on a rotating table 

(200 rpm) at room temperature.  After 24 hr, the non-bound PEI was removed from the 

adsorbent by vacuum filtration using a glass filter and by washing with UPW until the 
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effluent was neutral.  The adsorbent was kept in a 20 percent (v/v) ethanol solution in a 

refrigerator until used. 

A.3.2 Batch Experiments 

Batch experiments were done in 100 mL screw capped plastic bottles containing 

20 mL of Cu CMP waste solution.  One mL of PEI-agarose absorbents was added.  The 

bottle was then placed on a rotating table (200 rpm) at room temperature over night.  The 

next day the copper concentration remaining in the solution was determined.  

A.3.3 Copper Analysis  

A Perkin-Elmer 2380 Flame Atomic Absorption Spectrophotometer with an 

air/acetylene flame was utilized for all copper sample analysis.  The instrument has a 

standard deviation of ±10 percent.  The detection limit of the AA is 0.01 ppm.  All 

standards were meticulously prepared from a copper nitrate standard from Fisher 

Scientific Inc.  The calibrations were performed as required to match the copper 

concentration to a standard for accuracy.  

A.3.4 Packed Bed Column 

Three mL of PEI-agarose adsorbent were packed into a Bio-Rad® Glass Econo-

Column chromatography column (1 cm inner diameter).  A test tube vortexer was used to 
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agitate the beads and remove any visibly trapped air.  The column had a typical bed 

length of 4.55 cm.  The Bio-Rad® Flow adaptor was inserted into the column to eliminate 

dead volume above the gel bed and also to protect the gel bed from disruption during 

sample loading.  The bed had a volume of 3.5 mL.  

A.3.5 Continuous Flow Experiments

The analytical results for the adsorbents are expressed per mL packed adsorbent, 

since it is difficult to dry the material without changing its properties.  Prior to 

performing any Cu2+ adsorption experiments, the column was flushed with 10 bed 

volumes of 0.1 M sodium acetate buffer to rinse the beads and obtain a pH of 

approximately 5.5.  Cu CMP waste was then pumped up through the column at room 

temperature at a flow rate of 1.5 mL/min.  Samples for copper analysis were collected 

from the effluent stream at designated time intervals between 3 to 12 hours, depending on 

the type of Cu CMP waste.  The saturation capacity of the column was determined by 

conducting breakthrough experiments.  Waste solution was passed through the column 

until the effluent copper concentration equaled initial concentration.     

After the enrichment step, the column was rinsed with 15 bed volumes of UPW 

and then the copper was recovered from the column packed with PEI-agarose gels by 

flushing with 1 M HCl.  The eluted column was rinsed again with UPW until neutral pH 

and then reconditioned with 0.1 M acetate buffer solution.  
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A.3.6 Cu CMP Waste Solutions

Actual Cu CMP used was obtained from the CMP lab at the Department of 

Chemical and Environmental Engineering at the University of Arizona. Fujimi 7102 

slurry was used for copper polishing.  The particles in the waste were removed via 

filtration using 0.4 and 0.01 μm pore size membranes. 

Other solutions were prepared using 240 ppm of copper nitrate in 0.1 M sodium 

acetate buffer, pH 5.5. Typical components found in Cu CMP waste, as shown in Table 

A.2, were added at a molar ratio of 1:1 to copper.   

Table A.2  Typical components in Cu CMP waste streams 
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A.4 Results and Discussions 

In order to achieve a reduction in Cu CMP waste treatment processes by 

combining pretreatment chemistry and ion exchange, the method of treating both copper 

ions and copper complexes was investigated.  PEI-agarose is known to be an anion 

exchanger due to the protonation of its amino groups at a pH of 5.5 so it should be 

capable of binding copper complexes as well as binding copper ions using its 

coordination bonds.  Batch and continuous flow experiments were performed to evaluate 

the capability and efficiency of PEI-agarose adsorbents in copper removal.  Several types 

of surrogate Cu CMP waste solutions were used.  

Continuous column experiments were carried out to determine the binding 

capacity of Cu2+ions onto a PEI-agarose adsorbent.  Breakthrough curves for copper 

nitrate and actual Cu CMP waste, as a function of bed volume are shown in Figure A.1.  

Copper nitrate solution is the control solution since it contains no other components that 

may interfere with the PEI-agarose packed column system.  Copper binding capacities for 

the control and actual Cu CMP waste are 25.0 ± 0.9 and 18.6 ± 0.2 mg copper/mL 

adsorbent, respectively. Less total copper binds to the PEI-agarose when the copper is 

part of a complex Cu CMP waste compared to when only CuNO3 is dissolved in acetate 

buffer (the control). This is because some of the components in the actual waste prohibit 

maximum removal of copper ions by PEI-agarose.  Nevertheless, 175 mL of waste 

passed through a column containing only 3 mL of adsorbent before copper started to flow 
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out from the column.  The column was regenerated using only 15 mL of hydrochloric 

acid.  In other words, the copper in Cu CMP waste can be concentrated 12 fold. 

 

 

Figure A.1  Breakthrough curves of copper control solution and actual waste          
  in continuous flow column experiments. 
 

These experiments demonstrate that PEI-agarose can be used in packed columns 

to remove copper from Cu CMP waste streams.  The effluent copper concentration of 

treated waste is below ppb level, which meets the EPA regulation requirement.  Its 

performance is impressive and the reproducibility does not change even after several 
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regenerations (results not shown).  

The next step was to determine what components in the waste have the greatest 

effects on copper removal.  This information is useful in case the waste stream from a 

particular facility is high in one of the components.  It was hypothesized that some 

common components found in actual Cu CMP waste such as citric acid or EDTA may 

influence the performance of PEI-agarose adsorbent in binding copper ions.  To further 

explore these interactions, batch experiments containing 1:1 molar ratios of mixtures of 

copper nitrate and individual waste components were done. 

Figure A.2 shows how the PEI-agarose adsorbent efficiency is affected by each 

component present in the waste solution, as a percent of copper removal.  The initial 

copper concentration at a 240 ppm was used and the final concentration detected was 

found at about 5 ppm.  It is clear that the presence of EDTA and hydrogen peroxide have 

a large negative effect on copper removal.  These results were anticipated since EDTA 

has a higher affinity for binding copper ions than PEI. 
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Figure A.2  Percent copper removal by PEI-agarose adsorbent in batch equilibrium  
 experiments. 

 
 

The formation constant of copper to EDTA and to PEI are 18.8 [11] and 11.2 

[12], respectively.  This means that copper prefers binding to EDTA rather than PEI.  

Results of batch experiments with the waste solution containing EDTA and copper 

nitrate, confirm that the less copper binds to the PEI when EDTA is present.  When 

considering the binding constants stated above, this increase in the amount of unbound 
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copper is believed to be in the form of Cu-EDTA complexes. 

Hydrogen peroxide is a strong oxidizing agent.  It is used in Cu CMP to promote 

metal dissolution that helps improve removal rates [13].  Results from batch experiments 

with the waste solution containing hydrogen peroxide, show a lower amount of copper 

removal compared to a waste solution containing copper nitrate alone.  Moreover, when 

the PEI-agarose adsorbent is repeatedly used in batch experiments in which hydrogen 

peroxide is present, the support is damaged by the waste solution.  It has previously been 

reported that peroxides can degrade cellulose as well as decolorize it [14-15].  Yellowing 

of the support after each batch run was also observed.  At the concentration of hydrogen 

peroxide used, the oxidizer greatly affects the adsorbents ability to bind copper.  

However, the result of copper removal from actual Cu CMP waste was excellent, which 

led to the conclusion that the actual Cu CMP waste contains less oxidizing agent than 

predicted.  Most likely the hydrogen peroxide degrades with time.  Furthermore, the 

adsorbent used in the batch experiments with the actual Cu CMP waste solution was 

regenerated and reused multiple times without changes in the ability to bind copper.  

Similar observations have been reported in studies of PEI-agarose metal adsorbents [6] 

and the application of PEI-agarose to concentrate copper in tap water [16]. 

Since batch experiments showed that some components in the waste solution 

decrease the ability of a PEI-agarose absorbent to remove copper, the next step is to 

investigate the behavior of individual waste components in continuous column 
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experiments.  Waste solutions containing 1:1 molar ratios of CuNO3 and EDTA, citric 

acid, IPA, or triton x-100 were passed through the PEI-agarose packed column. 

 

 

Figure A.3  Breakthrough curve of copper from the continuous column experiments 
 when typical components found in actual Cu CMP waste are present. 

 
 

The results of continuous experiments are shown along with the control and actual 

Cu CMP waste in Figure A.3.  These experiments confirm that surfactant (i.e., triton x-

100) and microemulsion (i.e., IPA) components have no effect on the binding of copper 

ions to PEI-agarose whereas both complexing agents (i.e., EDTA and citric acid) affect 
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the copper breakthrough as expected.       

Waste solution that contains EDTA has a copper binding capacity of 17±1 mg 

copper/mL adsorbent in the column.  This value is 10 percent less than the removal of 

copper from actual Cu-CMP waste and 45 percent less than the control.  As mentioned 

above, EDTA is a strong complexing agent and it has a higher affinity at a pH of 5.5 to 

copper ions than PEI.  Thus, it is hypothesized that the copper ions bind to the EDTA in 

solution and stay in form of [CuEDTA]2- [17].  Normally PEI chelates with copper ions 

through amine groups (i.e., coordination attraction) [18-20].  However, this is not the case 

for a copper-complex molecule which is anionic.  At pH 5.5, PEI is partially protonated 

[21] and it likely interacts with the [CuEDTA]2- counter ion via ionic or electrostatic 

interactions.  This explains why there was some binding of copper in the column.  Thus, 

it is established here that a PEI-agarose adsorbent is capable of removing copper-

complexes as well as copper ions.  The metal-complex molecule binds to 5 amine groups 

of the PEI, whereas the copper ions bind to 4 amine groups [22].  Therefore, the presence 

of complexing agents in waste streams limits the capacity of PEI to treat Cu-CMP waste.  

Wastes with 1:1 ratios of Cu to EDTA only can be concentrated 15 fold compared to 20 

fold when EDTA is not present. 

Another complexing agent, citric acid, enhances the copper binding of the PEI-

agarose adsorbent in the packed column.  A binding capacity of 56 ± 0.2 mg copper/mL 

adsorbent is observed.  In other words, if citric acid is present in the waste 2 to 3 times as 
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much, copper can be adsorbed on the PEI-agarose.  Since citric acid complexes with 

copper ions and forms anionic species at the operative pH [23-24], the binding to 

protonated PEI sites is believed to be caused by the Lewis acid-base interaction and/or 

electrostatic interaction [25].  However, there are some other possible effects of the 

presence of citrates in the system that needs to be considered to explain why the copper 

removal is enhanced instead of decreased like when EDTA is present in the solution.  The 

carboxylic ligands from citrate molecule and protonated amines interact [26-28].  These 

excess carboxylic groups can uptake additional free copper ions [29].  Therefore, it is 

hypothesized that the copper-citrate complexes bind to the PEI and then additional copper 

ions bind to the citrate-complex leading to a higher total copper removal efficiency 

compared to the control.                

The breakthrough curve in Figure A.3 demonstrates that actual Cu CMP waste 

obtained from the CMP lab at University of Arizona has a similar behavior to the waste 

solution that contains equimolar concentration of copper and EDTA.  Actual Cu CMP 

waste contains both EDTA and citric acid, however, the concentration of EDTA in the Cu 

CMP waste is unknown (trade secret) and is correlated with the slurry composition. 

A.5 Summary 

This work demonstrates that PEI-agarose adsorbent exceeds the limitations of ion 

exchange resins in removing copper ions from Cu CMP waste streams in continuous 
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packed column experiments.  PEI-agarose adsorbent is not only efficient in binding 

Cu2+ions but capable of removing copper-complexes as well.  The presence of surfactant 

and microemulsion do not affect the copper binding performance of this adsorbent.   
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APPENDIX B 

INTERACTIONS OF COPPER IONS WITH POLYETHYLENEIMINE COATED 

AGAROSE IN THE PRESENCE OF EDTA 

B.1 Abstract  

Copper is used extensively in semiconductor circuits as the multi-layer metal.  In 

addition to copper, waste streams often contain chelating agents like EDTA, which is 

widely used in the process to enhance solubility of copper, and it tends to form copper-

chelated complexes.  PEI-agarose adsorbents in a packed-bed column are capable of 

removing these anionic complexes, but the competitive binding between this chelating 

agent and PEI for copper is not well understood and needs to be explored.  The current 

work focuses on investigating copper sorption by PEI-agarose adsorbent in the presence 

of EDTA.  The pH of the column is fixed at 5.5 using 0.1 M acetate buffer.  The ratio of 

chelator to copper ions is varied.  Copper binding capacity and copper breakthrough 

curves are compared and contrasted to results without additional chelator present.  An 

excess of EDTA leads to an increase in the fraction of free dissociated (anionic) ligand 

that competes for electrostatic attraction on protonated amine groups and therefore leads 

to a decrease in sorption capacity in the column.  However, this waste treatment 
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technique is still feasible for the semiconductor industry as large volumes of copper 

contaminated solutions from actual waste can be concentrated twelve-fold for metal 

recovery using hydrochloric acid. 

B.2 Introduction 

Chelating agents are used in large quantities in industrial applications involving 

dissolved metals.  For instance, the electro plating processes use EDTA to enhance 

homogeneous deposition of metals as well as the polishing cleaning process, which uses 

alkaline cleaners to inhibit metal from precipitating.  The semiconductor industry today 

uses copper metal interconnects due to the lower electrical resistance compared to 

tungsten-aluminum interconnects (1).  Wastewaters from the microchip fabrication 

contain copper metal and chelating agents.  It should be noted here that metal chelates 

form over a broad range of pH and are highly soluble and extremely stable. EDTA is, by 

far, the most widely used chelating agent in industrial applications due its excellent 

sequestering performance and low cost.  Significant quantities of EDTA-containing waste 

have been released into the environment and, once in the environment, it is extremely 

difficult to remove.  Removal of chelated metals is a problem facing most metal related 

industries.  Typical wastewater treatment processes for these metal-chelating agents 

involve three steps: 1) pretreatment chemistry using oxidizers to break down complexed 

copper and precipitate copper hydroxide; 2) microfiltration of any precipitate and 
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particles; and 3) ion exchange to remove metal ions (i.e. mostly copper (II) ions).  The 

limitation of ion exchange resins includes low efficiency in binding metal ions and 

simultaneous removal of other anions that limit the overall removal of metal.  The need 

for alternatives to precipitation and ion exchange processes for the treatment of metal 

containing wastewaters has led to the development of sorption processes using bacterial 

cells (2-4), granulated activated carbon (5-7), chitosan (8-11), and chelators (12-13).  

Polyethyleneimine (PEI) is a polymer with a high content of amine-nitrogen that 

can donate electrons and chelate metal ions.  It is formed by polymerization of 

ethyleneimine.  The polymer has a repeating C2H5N unit and is highly branched with 

about one branch for every 3-3.5 nitrogens in a linear unit (14).  PEI is known to form a 

stable complex with copper (II) ions at a wide pH range (i.e., pH 4-12) (15-16).  Figure 

B.1 illustrates how nitrogen atoms from PEI chelate with a copper (II) ion (i.e., in the 

dark circle).  This bond is called a coordination interaction and in this case four nitrogen 

atoms are used to bind with one copper (II) ion. 
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Figure B.1  Structure of partially protonated PEI complexes with metal ion (Cu2+)  
 and metal complexes ([Cr(CN)5(NO)]3-) (17). 
 
 

The branched PEI contains 1°, 2°, and 3° amines, each with the potential to be 

protonated.  This gives PEI the attribute of serving as an effective buffer through a wide 

pH range (18).  The protonation of amine groups is controlled by the pKa of the polymer 

(i.e., 9.5-11) (19).  The protonation of amine groups is very useful for the uptake of 

anions.  At a pH of 5.5, which is a control pH throughout this work, approximately 70 

percent of amine groups on branched PEI are protonated (20-22).  The counter ions 

bound to protonated amine groups can be exchanged with metal anions.  For instance, 

protonated PEI can form polymeric complexes with chromium anionic complexes as 

shown in Figure B.1.  This bond is an electrostatic interaction and is easy to break apart.  

Figure B.1 shows the dual properties of PEI, which can function as both an anionic 

exchanger and a chelator to metal ions.  It should be noted that chromium complexes 
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require more nitrogen groups, when binding to PEI, compared to copper free ions.  The 

large complexes’ size blocks some of the available nitrogen groups as well.      

EDTA is one of the most well-known chelating agents with six potential sites 

available for binding with metal cations composed of four carboxyl and two amino 

groups (23).  EDTA forms a stable chelating complex with all cations at a 1:1 ratio 

regardless of the charge of the cation.  This stability results from the multiple sites within 

the ligands that give rise to a cage-like structure in which the cation is effectively 

surrounded and isolated from the solvent molecule. 

Previous work focused on the use of PEI coated on agarose absorbent packed in a 

continuous flow column to remove copper from chemical mechanical planarization waste 

(24).  The results showed exceptional copper (II) ion binding capacity; in addition, the 

performance and reproducibility did not change after several regenerations with 

hydrochloric acid.  Furthermore, the column was capable of removing copper chelated 

EDTA complexes.  The current work focuses on investigating copper sorption by PEI-

agarose adsorbent in the presence of EDTA.  Since copper has a higher affinity for EDTA 

than PEI, competitive binding occurs.  Continuous column experiments were carried out 

in order to investigate the behavior of the column as well as to address the binding 

mechanisms of copper-PEI-EDTA systems for each copper-EDTA molar ratio.  Results 

of each circumstance were reported along with the competition binding theories.  
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B.3 Experimental and Calculation Methods 

B.3.1 Adsorbent Preparation 

The support used was a highly crosslinked and activated agarose gel with the 

trade name of NovaroseTM from Grom Chromatography GmbH, Germany.  The Novarose 

support has a pore size of SE-100 with the exclusion limit of 200,000 Daltons.  The mean 

bead size is 40 μm. 

The following procedure was used to prepare 10 mL of PEI-agarose adsorbents. 

Approximately 30 mL of activated Novarose were poured onto a glass-filter and washed 

three times with 50 mL of ultrapure water (UPW) to remove the ethanol solution 

(Novarose is delivered in 25% ethanol solution).  After the final wash, the gel was 

vacuum filtered until the gel cake cracked.  Ten mL of the activated Novarose were 

removed and washed twice with 25 mL of 0.1 M sodium carbonate buffer at pH 11 on a 

glass-filter, suction dried and weighed.  PEI (usually 5 g of a 100% solution) was added 

to 10 mL of 0.1M sodium carbonate buffer pH 11 in a 100 mL screw capped plastic 

bottle and the viscous solution homogenized on a mixer.  The pH of the solution was 

measured and if necessary adjusted with 6 M sodium hydroxide or 5 M hydrochloric 

acid.  The Novarose was added to the bottle which was then placed on a rotating table 

(200 rpm) at room temperature.  After 24 hr, the non-bound PEI was removed from the 

adsorbent by vacuum filtration using a glass filter and by washing with UPW until the 
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effluent was neutral.  The adsorbent, which has a density of 1.2x106 mL beads/m3, was 

kept in a 20% (v/v) ethanol solution in a refrigerator until used. 

B.3.2 Analysis Methods 

B.3.2.1 Copper Analysis 

A Perkin-Elmer 2380 Flame Atomic Absorption (AA) Spectrophotometer with an 

air/acetylene flame was utilized for all copper sample analysis.  The instrument has a 

standard deviation of ±10 percent.  The detection limit of the AA is 0.01 ppm.  All 

standards were meticulously prepared from a copper nitrate standard from Fisher 

Scientific Inc.  The calibrations were performed as required to match the copper 

concentration to a standard for accuracy.  

B.3.2.2 Ion Analysis 

Ion chromatography analyses were performed on a DX-600 ion chromatography 

that included PDA-100 photodiode array detector set at 202 nm, and an MSQTM single 

quadrupole mass spectrometer.  A 250 x 4 i.d. mm IonPac® ICE-AS1 analytical column 

was used along with 3.0 mM formic acid in aceonitrile/water 30/70 (v/v) eluents.  All 

ionic species (i.e., anionic EDTA, copper-chelated EDTA, copper free ion, and copper 

acetate) were analyzed with this method to support the calculation form MINEQL (25) 

program.   
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B.3.2.3 EDTA Analysis 

A Hewlett-Packard Series II 1090 liquid chromatography was utilized for all total 

EDTA sample analysis.  A 250 x 4 i.d. mm IonPac® AS14 analytical column was used 

along with 50 mM sodium phosphate buffer pH 7.2 eluents.  The samples and eluents 

were filtered with a 0.45 μm membrane filter before sample analysis.  The calibrations 

were performed as required to match the EDTA concentration to a standard for accuracy. 

The detection limit for the HPLC is 5 ppm. 

B.3.2.4 Tracer Analysis 

A Hewlett-Packard 5790 gas chromatography with flame ionization detector 

(FID) was utilized for all conservative tracer (i.e., Isopropyl alcohol, IPA) sample 

analysis.  An Equity-1 capillary analytical column from Supelco® was used along with a 

helium gas carrier.  The calibrations were performed as required to match the IPA 

concentration to a standard for accuracy.  The detection limit is 1 ppm. 

B.3.3 Packed bed Column 

Three mL of PEI-agarose adsorbent were packed into a Bio-Rad® Glass Econo-

Column chromatography column (1 cm inner diameter).  A test tube vortexer was used to 

agitate the beads and remove any visibly trapped air.  The column had a typical bed 

length of 4.55 cm.  The Bio-Rad® Flow adaptor was inserted into the column to eliminate 
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dead volume above the gel bed and also to protect the gel bed from disruption during 

sample loading.  The bed had a volume of 3.5 mL.  The void fraction of the packed 

adsorbent is 24 percent. 

B.3.4 Continuous Flow Experiments 

The analytical results for the adsorbents are expressed per g of dry adsorbent. 

Prior to performing any copper adsorption experiments, the column was preconditioned 

using 10 bed volumes of 0.1 M sodium acetate buffer to rinse the beads and obtain a pH 

of approximately 5.5.  The solution of interest was then pumped up through the column at 

room temperature at a flow rate of 1.5 mL/min.  Samples for copper analysis were 

collected from the effluent stream at designated time intervals between 3 to 12 hours, 

depending on the type of solutions.  The saturation capacity of the column was 

determined by conducting breakthrough experiments.  Solution was passed through the 

column until the effluent copper concentration equaled the initial concentration.  The 

copper uptake in a column is reported with a 95% level of confidence.     

The column was cleaned using 1 M hydrochloric acid and then reconditioned with 

0.1 M sodium acetate buffer until the pH reached 5.5. Sometimes EDTA precipitated in 

the column due to the change to acidic pH. When this occurred, 1 M sodium hydroxide 

was passed through the column to dissolve the EDTA salt, and then the column was 

reconditioned with 0.1 M sodium acetate buffer until the effluent pH reached 5.5.  
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B.3.5 Solutions of copper nitrate and EDTA 

Solutions were prepared using copper nitrate 3.78 mM in 0.1 M sodium acetate 

buffer, pH 5.5. EDTA was added at molar ratios of 0.5, 1, and 3 to copper.  The final pH 

was adjusted to 5.5 using 1 M sodium hydroxide. 

B.3.6 MINEQL 

MINEQL is a chemical equilibrium model capable of calculating aqueous 

speciation, solid phase saturation states, precipitation-dissolution, and adsorption (25). 

An extensive thermodynamic database is included in the model.  This work used data 

from MINEQL calculations to support the analysis data obtained from ICMS.  In 

addition, graphs from MINEQL calculations for each case are illustrated for discussion 

purposes.  

B.4 Results and Discussions 

The experiments for this study were performed at a pH of 5.5 since the maximum 

amount of copper (II) ions bind to PEI without any precipitation of copper at this pH. 

Copper nitrate solution was chosen to be a control solution since it contained no other 

components that may interfere with the PEI-agarose packed column system.  It is 

important to define the speciation of the control copper nitrate solution since acetate was 

used as a buffer solution.  Figure B.2 displays the copper species distribution in acetate 
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buffer as a function of pH. The calculation by MINEQL showed that both free copper 

(i.e., Cu2+) and copper acetate species (i.e., [CuAcetate]+, CuAcetate2, [CuAcetate3]-) 

coexisted at pH 5.5.  However, copper has an exceptionally strong affinity toward PEI 

(26-27).  As a consequence, when this system is put into contact with PEI, copper 

migrated toward PEI, leaving acetate in the free ion form (i.e., Acetate-).  The high 

amount of copper retained in the column is 0.110 ± 0.004 mg copper/g dry adsorbent, 

which corresponds to the similar work from Steinmann et al. (15).  Since the average 

nitrogen content for PEI-agarose is 2,170 μmol N/mL adsorbent (15), the number of 

nitrogens used to bind one copper ion under this experimental condition is about 2. 
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Figure B.2  Distribution of copper species (Cu 3.78mM) as a function of pH using  
 MINEQL.  Dominant species at a pH of 5.5 is CuAcetate2 and  
 [CuAcetate]+. 
 
 

A strong complexing agent EDTA, in most cases, is also present in the waste 

streams. Figure B.3 shows how EDTA species distribute in an acetate buffer solution 

system using MINEQL calculations. Note that at pH 5.5, the predominant species is 

H2EDTA2- (85%) with the coexistent of HEDTA3- (15%). In this case, when the EDTA 

solution is introduced to PEI, the negatively charged EDTA species exhibits a high 

affinity for the positively charged protonated PEI.  
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Figure B.3  Distribution of EDTA species (any concentration) as a function of pH  
 using MINEQL.  Dominant species at a pH of 5.5 is H2EDTA2-. 
 

 

To explore the competitive binding between copper to EDTA and to PEI, a 

column saturated with a control solution was studied. EDTA solution was then passed 

through the saturated column.  The results showed that EDTA removed all of copper that 

was originally bound to PEI.  This corresponds to the higher binding constant of copper 

to EDTA than to PEI mentioned above; and raises the question whether this phenomenon 

will occur when copper was originally bound to EDTA like in typical waste streams.  To 

obtain the answers, mixtures of copper nitrate and EDTA solutions at a range of molar 

ratios from 0 to 3 were passed through the column packed with PEI-agarose adsorbents.  

The uptake of total copper retained in the column as well as the copper breakthrough 
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curves were studied at each copper nitrate and EDTA molar ratio.  Breakthrough curves 

of copper as a function of bed volume are shown in Figure B.4. 

 

 
 
 

Figure B.4  Breakthrough curve of copper from the continuous column experiments  
 for control and all copper-EDTA solutions.  Experimental parameters:  
 flow rate = 1.5 mL/min, pH = 5.5, 0.1 M sodium acetate buffer. 
 
 

Figure B.4 shows that when EDTA is present in the solutions, breakthrough of 

copper occurs earlier, regardless of what molar ratio was applied.  The value of copper 

binding for 1:0.5, 1:1 and 1:3 ratios of copper to EDTA are 0.145 ± 0.001, 0.075 ± 0.004, 



 182

and 0.012 ± 0.003 mg copper/g dry adsorbent, respectively.  The behavior of the copper 

breakthrough curve of each EDTA molar ratio is unique.  To help explain each system, 

the basic concept of how EDTA complexes copper (II) ion is necessary to mention here. 

Normally EDTA chelates at a 1:1 molar ratio with copper (II) ion and forms anionic 

complexes [CuEDTA]2-.  Thus, this complex is expected in all solutions of copper and 

EDTA along with other copper and EDTA species.  The speciation distribution curves 

from MINEQL calculation are provided for each case together with the breakthrough 

curve of copper EDTA molar ratios system.   

B.4.1 Case of equimolar concentrations of copper and EDTA 

Figure B.5 shows the distribution of copper and EDTA species in solution as a 

function of pH for the equimolar metal and ligand concentration case.  Although acetate 

is also present in this system, it is not shown in the copper species distribution curve due 

to the presence of EDTA.  The majority of species found in the equimolar concentration 

system at a pH 5.5 is copper chelated EDTA complexes (i.e., [CuEDTA]2-), which is the 

only copper species that can be electrostatically attracted to protonated amine groups.  
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Figure B.5  Distribution of copper and EDTA species as a function of pH for  
Cu:EDTA 1:1 molar ratio (Cu: 3.78mM).  Dominant species at a pH of 
5.5 is  [CuEDTA]2-. 

 

Breakthrough curve for the control, EDTA alone, and Cu:EDTA 1:1 molar ratio 

solution are illustrated in Figure B.6.  The total copper uptake was 0.075 ± 0.004 mg 

copper/g dry adsorbent in the column.  When compared to the control, the copper broke 

through about 40 bed volumes earlier and the adsorbent uptake was less.  Under these 

conditions, protonated amine groups out number non-protonated amine groups.  Thus, 

one might expect to see more total copper binding not less when an equimolar 

concentration solution was used.  Chandramouli, et al. published the final structure of 

protonated PEI-chromium complexes using EPR spectroscopy.  The work revealed that, 
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when bound to PEI, complex compounds use more than four protonated nitrogens and 

also block some of the available nitrogen atoms due to its large size (17), as shown in 

Figure B.1.  Similarly, it is hypothesized that copper chelated EDTA complexes use more 

nitrogen from PEI as well.  Thus, even though there were more protonated PEI nitrogens 

compared to the control (i.e., 30%), the size of the Cu-EDTA complex limits the 

protonated amine sites and lowers the total copper binding capacity in the column.  Based 

on mass balance calculations, the number of nitrogen atoms occupied by a Cu-EDTA 

anionic complex in this column system is between 5 and 6.  Under these conditions, the 

total copper retained in the column represents the maximum copper binding of PEI-

agarose adsorbent due to electrostatic interactions between protonated amine groups and 

the anionic copper species. 

To support the theory that only electrostatic interaction played a major role in the 

copper removal when the solution of equimolar concentration of copper and EDTA was 

introduced to the column, acetate buffer was used to elute the copper complexes.  In the 

case of control, only unbound (i.e., loose) free copper was removed with the acetate 

buffer.  The bound copper, through the coordination interaction to PEI, remained in the 

column.  However, in this case, the copper chelated EDTA complexes were carried out 

from the column easily with acetate buffer.  At the end, the column was as clean as new.  

The amount of copper obtained was equal to the amount adsorbed.  This indicated that 

the hypothesis was correct since the electrostatic attraction is very weak.  
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Figure B.6  Breakthrough of copper and EDTA from the column experiment when  

the solution contains Cu:EDTA in a 1:1 molar ratio.  Experimental 
parameters: flow rate = 1.5 mL/min, pH = 5.5, 0.1 M sodium acetate 
buffer. 

 

Note that when only EDTA is present in the solution, with the coexistance of 

H2EDTA2- (85%) and HEDTA3- (15%), as shown in Figure B.3, these species interact 

with PEI (Figure B.6).  Therefore, EDTA breaks through later than the conservative 

tracer.  This interaction has the potential to limit the amount of copper removal, 

especially when EDTA is in excess 
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B.4.2 Case of EDTA excess (Cu:EDTA molar ratio 1:3) 

In the case of excess EDTA, the trends are significantly different.  At a pH of 5.5, 

the distribution speciation curves from Figure B.7 reveals the coexistence of [CuEDTA]2- 

33%, [H2EDTA]2- 55%, and [HEDTA]3- 12%.  These excess anionic ligands compete 

with the copper-EDTA complexes for binding sites on protonated amine and thus 

decrease the number of sorption sites available for the electrostatic attraction of copper-

EDTA complexes.  As a result, the sorption capacity is expected to decrease significantly. 

This interpretation is in accord with what was suggested by Bhattacharyya and Cheng 

who stated that competitive adsorption exists between excess free EDTA species and 

metal complexes (28).  Figure B.8 confirms this significant decrease in the copper 

sorption capacity in the column as the total copper uptake is 0.012 ± 0.003 mg copper/g 

dry adsorbent, which is 0.098 and 0.062 mg copper/g dry adsorbent less than the control 

and the equimolar case, respectively. 

The behavior of copper breakthrough in this system is very unique.  As the 

solution was continuously fed through the column, there was always a band of dark blue 

color on top of the copper adsorption level (light blue).  This band expanded as it traveled 

toward the top of the column.  The concentration of total copper spiked when this dark 

blue band broke through as seen in Figure B.8.  To explain this, the breakthrough 

behavior of high concentrations of EDTA alone, equivalent to the amount used for a 1:3 

molar ratio with copper ions, was investigated.  Figure B.8 shows that the EDTA broke 
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through at two different times.  First, one third of the feed concentration was observed in 

the outlet for about 35-40 bed volumes until total EDTA breakthrough occurred.  Based 

on the ratio of H2EDTA2- 85% and HEDTA3- 15% (Figure B.3) coupled with the amount 

of EDTA flowing through the column, it was determined that H2EDTA2- was the first 

species that broke through followed by HEDTA3-.  This agrees with how cation ion 

exchanger typically function, allowing the less negatively charged molecule to elute first. 

Since there was an accumulation of EDTA in the column, the same theory may apply to 

the copper-EDTA system as copper chelated EDTA complexes were retained (i.e., dark 

blue band) in the column due to the EDTA accumulations.  Then, copper-EDTA 

complexes were released from the column when the second EDTA breakthrough 

occurred.  The number of PEI nitrogen atoms bound to an EDTA molecule was 

approximately 5.       

Again, acetate buffer was used to elute the column saturated with copper-EDTA 

complexes to prove that only Lewis acid-base interaction and/or electrostatic interaction 

played a major role in the copper removal.  The results show that acetate buffer removed 

the complexes leaving the column clean of copper.  However, acetate buffer was 

inefficient at removing excess anionic EDTA species, so sodium hydroxide was required 

to completely clean the column.  This indicates that there were other interactions 

involved between the EDTA and PEI in addition to electrostatic interaction with 

protonated PEI.  These interactions may be similar to those observed between 
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macromolecules such as fulvic and humic acids that contain both O- and N- donor groups 

(29-31).  EDTA contains both O- and N- donor groups and PEI contains N- donor groups 

that may form intermolecular bonds.  These types of interactions may explain why 

acetate buffer was not sufficient to elute the excess EDTA, since these complex bonds are 

stronger than electrostatic interactions.       

 

 

 
 
 
Figure B.7  Distribution of copper and EDTA species as a function of pH for  
 Cu:EDTA 1:3 molar ratio (Cu: 3.78mM).  Dominant species at a pH of  
 5.5 is [H2EDTA]2-, [CuEDTA]2-, and [HEDTA]3-. 
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Figure B.8  Breakthrough of copper and EDTA from the column experiment when  
 the solution contains Cu:EDTA in a 1:3 molar ratio.  Experimental  
 parameters: flow rate = 1.5 mL/min, pH = 5.5, 0.1 M sodium acetate  
 buffer.  

 
 

B.4.3 Case of copper excess (Cu:EDTA molar ratio 1:0.5) 

In the case of copper excess, the distribution speciation curves (Figure B.9) show 

the coexistence of [CuEDTA]-2 50%, [CuAcetate2] 26%, [CuAcetate]+ 21%, and a trace 

of Cu2+ ion.  As described earlier for the control case, PEI competed with acetate for 

copper, thus, this system behaves as if it is a mixture of copper free ions and copper-

EDTA complexes.  Inside the column, two binding mechanisms to PEI were expected: 
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(a) electrostatic attraction with protonated amine groups of copper-EDTA complexes and 

(b) coordination attraction with amine sites of copper free ions.  As a consequence, the 

total copper binding capacity in the column was expected to be higher than the control 

(i.e., case (b)) or the case of equimolar concentration of copper and EDTA (i.e., case (a)).           

 
 

 
 
Figure B.9  Distribution of copper and EDTA species as a function of pH for  
 Cu:EDTA 1:0.5 molar ratio (Cu: 3.78mM).  Dominant species at a pH of  
 5.5 is [CuEDTA]2-, CuAcetate2, and [CuAcetate]+. 

 

 

Figure B.10 reveals that there are indeed two breakthroughs of copper when 

excess copper is present in the solution.  The first copper breakthrough started at the same 

bed volume as when the copper from the equimolar concentration of copper and EDTA 
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broke through (Figure B.4).  So, the first breakthrough is most likely due to the 

electrostatic interaction of copper-EDTA complexes on protonated amine groups since 

they have the same retention times and similar copper binding capacities.  The copper 

concentration in the effluent remained at 70 percent for 200 additional bed volumes until 

the second copper breakthrough occurred.  ICMS analysis of the samples for this period 

confirmed the breakthrough of copper-EDTA complex species.  Furthermore, these 

species were at same concentration as feed.  The analysis also showed that copper (II) 

ions were being adsorbed at this stage until the second breakthrough occurred.  The total 

copper binding capacity is clearly higher than the control and the case of equimolar 

concentration of copper and EDTA.  The total copper uptake is 0.145 ± 0.001 mg 

copper/g dry adsorbent.  Half of this amount is due to adsorption of copper-EDTA 

complexes and half is due to copper ions.  The number of nitrogen atoms used to bind 

copper ions and copper-EDTA complexes under these experimental conditions is 

consistent with both the control (i.e., ~2) and copper EDTA equimolar concentration (i.e., 

~5-6) cases. 

To prove the hypothesis that the first breakthrough was due to the electrostatic 

interaction of copper-EDTA complexes on protonated amine groups, an acetate buffer 

solution was used.  The experiment was done by passing acetate buffer through the 

column immediately after first breakthrough occurred.  The complexes, which bound to 

the adsorbent using the weak electrostatic attraction, were removed with the buffer.  This 



 192

indicates that the hypothesis was correct.  The same experiment was carried out after the 

second breakthrough occurred.  The results showed the same amount of copper eluted as 

the first breakthrough while the copper ions remained chelated to the PEI.  Thus, it is 

established here that there were two simultaneous binding mechanisms inside the column 

with excess copper solution, resulting in a higher overall copper binding capacity.  

 

 
 
 
Figure B.10  Breakthrough of copper and EDTA from the column experiment when  

 the solution contains Cu:EDTA in a 1:0.5 molar ratio.  Experimental  
 parameters: flow rate = 1.5 mL/min, pH = 5.5, 0.1 M sodium acetate  
 buffer.   
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B.5 Conclusion 

This work has demonstrated the complex interactions that occur when there is 

competitive binding between copper, EDTA and PEI. Results confirm the stronger 

affinity of copper to EDTA.  However, PEI’s characteristic of being partially protonated 

at a wide pH range, makes it a great candidate to remove both metal and metal-chelated 

complexes from waste streams.  The uptake of metal ions on PEI may proceed through 

different mechanisms including chelation of metal cations on the free electronic doublet 

of amine groups and/or ion exchange mechanisms.  An excess of EDTA leads to an 

increase in the fraction of free dissociated (anionic) ligand that compete for electrostatic 

attraction on protonated amine groups with copper complexes, and therefore leads to a 

decrease in sorption capacities in the column.  An excess of metal leads to an increase in 

the binding capacities in the column due to the uptake of PEI in both forms (i.e., 

protonated and non protonated amine groups).  At a pH lower than 5.5, nitrogen groups 

on PEI are more protonated, thus, more copper-EDTA complex anionic species may 

bind.  This is supported by Lasko and Hurst who observed more binding of anionic silver 

complexes at a lower pH (9).  However, at a pH lower than 3, EDTA precipitates and 

could clog the column.  In contrast, protonation decreases at a higher pH, thus, more 

binding of copper (II) ions is observed (11, 15).  At a pH higher than 6, copper is likely to 

precipitate from the system, and again can clog the column. 
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APPENDIX C 

EFFECT OF CITRIC ACID ON COPPER BINDING TO 

POLYETHYLENEIMINE FOR COPPER REMOVAL FROM 

SEMICONDUCTOR INDUSTRY WASTE STREAMS 

C.1 Abstract  

Citric acid and copper are often found in the waste streams from semiconductor 

manufacturing.  They are likely to form complexes, which modify copper speciation.  

This can lead to changes in sorption mechanisms and the sorption capacity.  PEI-agarose 

adsorbents in a packed bed column are capable of removing these anionic complexes, but 

the competitive binding between these organic ligands and PEI for copper is not well 

understood and needs to be explored.  The current work focuses on investigating copper 

sorption by PEI-agarose adsorbent in the presence of citrate ions.  Copper binding 

capacity and copper breakthrough curves are compared and contrasted to results without 

additional chelator present.  The presence of citric acid at any molar ratio to copper 

enhances the total copper uptake in a continuous column.  This is a great advantage when 

wastewater streams contain either low or high amounts of citric acid ligand. 
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C.2 Introduction 

Wastewaters from the microchip fabrication contain copper metal and chelating 

agents.  Metal chelates form over a broad range of pH and are highly soluble and 

extremely stable.  Removal of chelated metals is a problem facing most metal related 

industries.  Typical wastewater treatment processes for these metal-chelating agents 

involve three steps: 1) pretreatment chemistry using oxidizers to break down complexed 

copper and precipitate copper hydroxide; 2) microfiltration of any precipitate and 

particles; and 3) ion exchange to remove metal ions (i.e., Cu
2+ 

ions).  The limitation of 

ion exchange resins includes low efficiency in binding metal ions and simultaneous 

removal of other anions that limit the overall removal of metal.  The need for alternatives 

to precipitation and ion exchange processes for the treatment of metal containing 

wastewaters has led to the development of sorption processes using bacterial cells 

(Guibal et al., 1995; Aksu et al., 1998; Stanley and Ogden, 2003), granulated activated 

carbon (Chen and Wy, 2000; Chu and Hashim, 2000; Kadirvelu et al., 2000), chitosan 

(Onsoven and Skaugrud, 1990; Juang and Ju, 1997), and chelators (Hashemi and Olin, 

1997; Sharma and Agarwal, 2002). 

Polyethyleneimine (PEI) is a polymer with a high content of amine-nitrogen that 

can donate electrons and chelate metal ions.  It is formed by polymerization of 

ethyleneimine.  The polymer has a repeating C2H5N unit and is highly branched with 

about one branch for every 3-3.5 nitrogens in a linear unit (Dick and Ham, 1970).  PEI is 
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known to form a stable complex with Cu2+ ions at a wide pH range (i.e., pH 4-12) (Rivas 

and Geckeler, 1992; Steinmann et al., 1994).  Figure C.1 illustrates how nitrogen atoms 

from PEI chelate with a copper (II) ion (i.e., in the dark circle).  This bond is called a 

coordination interaction and in this case four nitrogen atoms are used to bind with one 

Cu2+ ion.   

 

 

Figure C.1  Structure of partially protonated PEI complexes with metal ion (Cu2+)  
 and metal complexes ([Cr(CN)5(NO)]3-) (Chandramouli et al., 1991). 

 

The protonation of amine groups is controlled by the pKa of the polymer (i.e., 9.5-

11) (Burgess, 1991).  The acid-base properties of PEI have been extensively studied by 

Bloys van Treslong’s group (Bloys van Treslong and Staverman, 1974; Bloys van 

Treslong, 1978).  The protonation of amine groups is very useful for the uptake of anions.  

PEI is partially protonated in the pH range between 2 to 11.  A branched PEI has 70% 
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degree of protonation at a pH 5.5 (Horn, 1979).  If only Cu2+ ion is present in the system, 

the copper uptake is, then, limited by the amount of non-protonated amine groups’ 

presence because the interaction between Cu2+ ion and PEI is through coordination 

interaction only. 

The counter ions bound to protonated amine groups can be exchanged with metal 

anions.  For instance, protonated PEI can form polymeric complexes with chromium 

anionic complexes as shown in Figure C.1 (Chandramouli et al., 1991).  This bond is 

simply an electrostatic interaction and is easy to break apart.  Figure C.1 shows the dual 

properties of PEI, which can function as both an anionic exchanger and a chelator to 

metal ions.  It should be noted that chromium complexes require more nitrogen groups, 

when binding to PEI, compared to copper free ions.  The large complexes’ size blocks 

some of the available nitrogen groups as well.      

Citric acid is an aliphatic triprotic α-hydroxy carboxylic acid, which is known to 

form up to five different complex species in the presence of cupric ions (Meuleman and 

Roy, 2000).  The ligand may serve as a simple model for more complex ligands with only 

oxygen atoms as donor atoms (Morel and Hering, 1993) and it readily forms stable 

complexes with most divalent metals in a 1:1 molar ratio (Still and Wikberg, 1980).  The 

overall formation constants (Log Kf) of copper and citrate are present in Table C.1a.  Log 

Kf increases with the number of hydrogens in a copper-citrate complex.  This means that 

CuH2(Cit)+ has a higher overall formation constant than CuH(Cit). 
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In the case when citrate ion is introduced to PEI, two binding mechanisms occur 

simultaneously.  First, the negatively charged citrate species exhibits a high affinity for 

the positively charged protonated PEI, caused by acid-base interaction and/or 

electrostatic interaction.  Besides this weak bonding, there is evidence that open-chain 

polyamines form relatively stable complexes with carboxylic ligands (both in their non-

protonated form and in the various partially protonated forms) (De Stefano et al., 1995; 

De Robertis et al., 1996).  This is an intermolecular bond between donor group COO- 

from citric acid and N- from PEI.  As shown in the following reaction, protonated PEI 

binds anionic citrate to form a PEI-citrate complex (De Robertis et al., 1996):  

  (C.1)          rji PEICitHCitHPEIH ↔+

where , , and ni ...1= mj ...0= )1...(1 −+= mnr  (n and m are the maximum degrees of 

protonation for the two ligands).  

The overall formation constants (log Kf) for the complex of amines and citrate anion in 

Table 1b show that the maximum degrees of protonation for PEI and citrate ion are 4 and 

2, respectively.  Log Kf increases as the number of degrees of protonation of citrate anion 

decreases.  This means that Cit-3 has a higher overall formation constant than H2(Cit)-.  
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Table C.1  The overall formation constants (log Kf) for the complex of citrate anion  
 and (a) copper ion (Morel & Hering, 1993) and (b) amines 
 (De Stefano et al., 1998) at I = 0 mol/dm3 and T = 25°C  

 

 

Previous work focused on the use of PEI-agarose absorbent packed in a 

continuous flow column to remove copper from chemical mechanical planarization waste 

(Maketon and Ogden, 2007).  The results showed exceptional Cu2+ ion binding capacity; 

in addition, the performance and reproducibility did not change after several 

regenerations with hydrochloric acid.  Furthermore, in the presence of citrate ions, the 

copper uptake in a continuous column was enhanced.  The current work focuses on 

investigating copper sorption by PEI-agarose adsorbent in the presence of citric acid. 

Since copper has a higher affinity for PEI than citric acid, competitive binding occurs. 

Continuous column experiments were carried out in order to investigate the binding 
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mechanisms of copper-PEI-citrate systems for various copper-citric acid molar ratios. 

Experimental results are reported along with the competition binding theories.   

C.3 Experimental and Calculation Methods 

C.3.1 Adsorbent Preparation  

The support used was a highly crosslinked and activated agarose gel with the 

trade name of NovaroseTM from Grom Chromatography GmbH, Germany.  The Novarose 

support has a pore size of SE-100 with the exclusion limit of 200,000 Daltons.  The mean 

bead size is 40 μm. 

The following procedure was used to prepare 10 mL of PEI-agarose adsorbents. 

Approximately 30 mL of activated Novarose were poured onto a glass-filter and washed 

three times with 50 mL of ultrapure water (UPW) to remove the ethanol solution 

(Novarose is delivered in 25 percent ethanol solution).  After the final wash, the gel was 

vacuum filtered until the gel cake cracked.  Ten mL of the activated Novarose were 

removed and washed twice with 25 mL of 0.1 M sodium carbonate buffer at pH 11 on a 

glass-filter, suction dried and weighed. PEI (usually 5 g of a 100% solution) was added to 

10 mL of 0.1M sodium carbonate buffer pH 11 in a 100 mL screw capped plastic bottle 

and the viscous solution homogenized on a mixer.  The pH of the solution was measured 

and if necessary adjusted with 6 M sodium hydroxide or 5 M hydrochloric acid.  The 

Novarose was added to the bottle which was then placed on a rotating table (200 rpm) at 
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room temperature.  After 24 hr, the non-bound PEI was removed from the adsorbent by 

vacuum filtration using a glass filter and by washing with UPW until the effluent was 

neutral.  The adsorbent was kept in a 20 percent (v/v) ethanol solution in a refrigerator 

until used. 

C.3.2 Analysis Methods 

C.3.2.1 Copper Analysis 

A Perkin-Elmer 2380 Flame Atomic Absorption Spectrophotometer with an 

air/acetylene flame was utilized for all copper sample analysis.  The instrument has a 

standard deviation of ±10 percent.  The detection limit of the AA is 0.01 ppm.  All 

standards were meticulously prepared from a copper nitrate standard from Fisher 

Scientific Inc.  The calibrations were performed as required to match the copper 

concentration to a standard for accuracy.  

C.3.2.2 Citrate Analysis 

A Hewlett-Packard Series II 1090 liquid chromatography was utilized for all total 

citrate sample analysis.  A 250 x 4 i.d. mm IonPac® AS14 analytical column was used 

along with 50 mM sodium phosphate buffer pH 7.2 eluents.  The samples and eluents 

were filtered with a 0.45 μm membrane filter before sample analysis.  The calibrations 
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were performed as required to match the citrate concentration to a standard for accuracy. 

The detection limit for the HPLC is 5 ppm. 

C.3.2.3 Tracer Analysis 

A Hewlett-Packard 5790 gas chromatography with flame ionization detector 

(FID) was utilized for all conservative tracer (i.e., Isopropyl alcohol, IPA) sample 

analysis.  An Equity-1 capillary analytical column from Supelco® was used along with a 

helium gas carrier.  The calibrations were performed as required to match the IPA 

concentration to a standard for accuracy.  The detection limit is 1 ppm. 

C.3.3 Packed bed Column 

Three mL of PEI-agarose adsorbent were packed into a Bio-Rad® Glass Econo-

Column chromatography column (1 cm inner diameter).  A test tube vortexer was used to 

agitate the beads and remove any visibly trapped air.  The column had a typical bed 

length of 4.55 cm.  The Bio-Rad® Flow adaptor was inserted into the column to eliminate 

dead volume above the gel bed and also to protect the gel bed from disruption during 

sample loading.  The bed had a volume of 3.5 mL. 
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C.3.4 Continuous Flow Experiments 

The analytical results for the adsorbents are expressed per mL packed adsorbent, 

since it is difficult to dry the material without changing its properties. Prior to performing 

any copper adsorption experiments, the column was flushed with 10 bed volumes of 0.1 

M sodium acetate buffer to rinse the beads and obtain a pH of approximately 5.5. The 

solution of interest was then pumped up through the column at room temperature at a 

flow rate of 1.5 mL/min. Samples for copper analysis were collected from the effluent 

stream at designated time intervals between 3 to 12 hours, depending on the type of 

solutions. The saturation capacity of the column was determined by conducting 

breakthrough experiments. Solution was passed through the column until the effluent 

copper concentration equaled initial concentration. The copper uptake in a column will be 

reported with ± 95% level of confidence.     

The column was cleaned using 1 M hydrochloric acid and then reconditioned with 

0.1 M sodium acetate buffer until the pH reached 5.5. 
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C.3.5 Solutions of copper nitrate and citric acid 

Solutions were prepared using copper nitrate 3.78 mM in 0.1 M sodium acetate 

buffer, pH 5.5. Citric acid was added at molar ratios of 0.5, 1, and 2 to copper. The final 

pH was adjusted to 5.5 using 1 M sodium hydroxide. 

C.3.6 MINEQL 

MINEQL is a chemical equilibrium model capable of calculating aqueous 

speciation, solid phase saturation states, precipitation-dissolution, and adsorption 

(Westall et al., 1982). An extensive thermodynamic database is included in the model. 

This work used data from MINEQL calculations to support the analysis data obtained 

from ICMS. In addition, graphs from MINEQL calculations for each case are illustrated 

for discussion purposes.  

C.4 Results and discussions 

PEI is known to form stable complexes with Cu2+ ions at a wide pH range (i.e., 

pH 4-12) hence; it has been studied for many possible applications to recover copper 

from a variety of waste solutions from the mining, semiconductor, and textile industries. 

However, most of the time, waste water streams contain organic ligands such as citric 

acid to sequester metal ions.  Thus, it is essential to understand the interactions between 

citrates and PEI prior to implementing chelator technology for wastewater treatment.  
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The experiments for this study were performed at a pH of 5.5 since this is pH at which 

the maximum binding of Cu2+ ions to PEI occurs without any precipitation of copper.   

Copper nitrate solution was chosen to be a control solution since it contained no 

other components that interfere with the PEI-agarose packed column system.  A control 

solution represents the behavior of copper binding to the adsorbent in the absence of 

citric acid.  It is important to define the system of copper nitrate solution since acetate 

was used as a buffer solution.  Figure C.2a displays the copper species distribution as a 

function of pH when acetate buffer was taken into account.  The calculation by MINEQL 

showed that both free copper (i.e., Cu2+) and copper acetate species (i.e., [CuAcetate]+, 

CuAcetate2, [CuAcetate3]-) coexisted at pH 5.5.  However, copper has an exceptionally 

strong affinity toward PEI (Martell and Smith, 1982; Juang and Yan, 2001).  As a 

consequence, when this system is put into contact with PEI, copper migrated toward PEI, 

leaving acetate in the free ion form (i.e., Acetate-).  The high amount of copper retained 

in the column is 25 ± 0.9 mg copper/mL adsorbent, which corresponded to the similar 

work from Steinmann’s group (Steinmann et al., 1994). 

Organic ligands such as citric acid, in most cases, are also present in waste 

streams.  Figure C.2b shows how citrate species distribute in an acetate buffer solution 

system using MINEQL simulations.  Note that at pH 5.5, the predominant species is 

[HCit]2- (73%) with the coexistent of [H2Cit]- (15%) and Cit3- (12%).  As mentioned 

earlier, two binding mechanisms occur when citrate ion is introduced to PEI, the 
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negatively charged citrate species exhibits a high affinity for the positively charged 

protonated PEI, caused by acid-base interaction and/or electrostatic interaction and an 

intermolecular bond between donor group COO- from citric acid and N- from PEI. 

Although results are not shown, after the column that was saturated with citrate ions was 

rinsed with an acetate buffer solution, some of citrate ions were eluted from the column. 

Citrate ions that interacted with PEI via the intermolecular bonds stayed in the column 

because this bonding is stronger than acid-base interaction and/or electrostatic 

interaction.  Hydrochloric acid was needed to remove all citrate ions.   

After determining that both Cu and citrate bind to PEI, the goal was to explore the 

effect of copper/citric acid ratios on overall copper removal from waste streams.  Figure 

C.3 shows that when citric acid is present in the solutions, more copper is retained in the 

column, regardless of what molar ratio was applied.  As the amount of citric acid 

increases the total amount of copper retained in the column decreases.  The value of 

copper binding for 1:0.5, 1:1 and 1:2 ratios of copper to citric acid are 72.5 ± 0.6, 56 ± 

0.2, and 44 ± 1 mg copper/mL adsorbent, respectively.  The copper and citrate 

breakthrough behaviors were studied at each copper nitrate and citric acid molar ratio. 
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Figure C.2  Distribution of (a) copper acetate and (b) citrate species as a function of 
 pH (Cu 3.78mM) using MINEQL. 

 



 212

 

 
Figure C.3  Breakthrough curve of copper from the continuous column  
 experiments. 

 

C.4.1 Case of equimolar concentrations of copper and citrate 

 Figure C.4 shows the distribution of copper and citrate species in solution as a 

function of pH for equimolar metal and ligand concentration (3.78 mM).  Recall that 

citrate ions form stable complexes with most divalent metals in a 1:1 molar ratio (Still 

and Wikberg, 1980).  The majority of species found in the equimolar concentration 

system at a pH 5.5 is copper-citrate chelated complexes (i.e., [CuCit]-). 
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Figure C.4  Distribution of copper and citrate species in function of pH for  
 Cu:Citric acid 1:1 molar ratio (Cu: 3.78mM). 

 

Preliminary batch binding capacity experiments showed that PEI bound similar 

amounts of copper whether or not citric acid was present in the solution.  This agrees well 

with the finding from membrane filtration work by Molinari group (Molinari et al., 

2005).  However, in the continuous column adsorption, total copper uptake was doubled. 

Figure C.5 shows copper and citrate breakthrough curves for the equimolar copper and 

citric acid system.  Initial break through of copper was observed after an additional 50 

bed volumes of solution passed through the column compared to when no citrate was 

present.  
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Figure C.5  Breakthrough of copper and citrate from the column experiment when  
 solution contains Cu:Citric acid in a 1:1 molar ratio at pH 5.5.  

 

Under these conditions, two binding mechanisms are believed to occur.  The first 

one is the binding of Cu2+ ions to PEI, since the formation constant of PEI-Cu is greater 

than that for Citrate-Cu (Martell and Smith, 1982; Juang and Yan, 2001).  Two or four 

nitrogen atoms on PEI compete for Cu2+ with citrate ion as shown below:  

  (C.2) 1
2

21 ][][ −+− +−→+ CitHCuPEICuCitPEI

A similar interaction was seen in the competition binding between SCX sorbent, which 

contained –SO3H groups, and [CuCit]-1 (Dundar and Haswell, 1995).  The second 
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mechanism involves the amine groups from PEI and anionic citrate from equation C.2. 

Protonated PEI binds anionic citrate to form a PEI-citrate complex (De Robertis et al., 

1996): 

  (C.3)          4
1

2
3

3 ][][ PEICitHCitHPEIH ↔+ −+

 Based on citrate breakthrough data, 62.5 mg of citrate bound to the PEI in the 

column.  Then the PEI-citrate complex binds copper ions through the excess carboxylic 

groups of the citrate ions.  When a solution of acetate buffer is passed through the column 

after the support was saturated with copper and citric acid, only unbound copper and 

citrate were removed.  A hydrochloric acid wash was required to remove all bound 

copper and citrate.  Thus, at a 1:1 molar ratio of copper to citric acid, PEI and PEI-citrate 

form complexes with copper ions resulting in a higher overall copper uptake in a column 

compared to when no citrate is present.  

C.4.2 Case of citrate excess (Cu:Citric acid molar ratio 1:2) 

In the case of excess citrate, the trends are significantly different.  At a pH of 5.5, 

the distribution speciation curves from Figure C.6 reveals the coexistence of [CuCit]-1 

50%, [HCit]-2 37%, H2(Cit)- 6%, and Cit3- 6%.  Figure C.7 shows breakthrough curves of 

copper and citrate from the continuous column experiment.  The total copper uptake in 

the column is 44 ± 1 mg copper/mL adsorbent, which is 19 mg copper/mL adsorbent 
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higher than the control.  Citrate is retained in the column as well.  Again, the competition 

between PEI and citrate occurred (Equation C.2) followed by the binding of H2(Cit)- to 

PEI (Equation C.3).  However the experimental data shows 12 mg copper/mL adsorbent 

less overall copper retained in the column than the equimolar case.  This suggests that the 

presence of excess H(Cit)-2 species led to the competitive binding mechanism:  

  (C.4) 3
23

3 ][][ PEICitHHCitPEIH ↔+ −+

From Table C.1b, PEI prefers H(Cit)-2 to H2(Cit)-, however, Cu2+ ion prefers 

H2(Cit)- (Table C.1a).  Therefore, the net result when there is an excess of citric acid is 

that less total copper is bound to the PEI support than the 1:1 copper to citric acid case, 

but more binds than when no citrate is present.  This interpretation is in accord with what 

was suggested by Yang’s group who stated that competitive adsorption exists between 

excess free citrate species and metal complexes (Yang et al., 2006).  
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Figure C.6  Distribution of copper and citrate species in function of pH for 
 Cu:Citric acid 1:2 molar ratio (Cu: 3.78mM). 
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Figure C.7  Breakthrough of copper and citrate from the column experiment when  
 the solution contains Cu:Citric acid in a 1:2 molar ratio at pH 5.5. 

 

C.4.3 Case of copper excess (Cu:Citric acid molar ratio 1:0.5) 

In the case of copper excess, at a pH of 5.5, the distribution speciation curves 

(Figure C.8) shows the coexistence of [CuCit]-1 50%, CuAcetate2 28%, [CuAcetate]+ 

21%, and a trace of Cu2+ ion.  Figure C.9 shows breakthrough curves of copper and 

citrate from the continuous column experiment when the feed solution contained copper 

and citric acid at a 1 to 0.5 molar ratio.  The total copper uptake in the column is 72.5 ± 

0.6 mg copper/mL adsorbent, which is 47.5 mg copper/mL adsorbent higher than the 

control.  Citrate is retained in the column.  As was observed for the equimolar 
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concentration case, both PEI and citrate bound to PEI attract copper ions (Equations C.2 

and C.3).  However, experimental data suggests that yet another method of removal of 

copper must be occurring since an additional 16.5 mg copper/mL absorbent are removed 

compared to the equimolar case.  One possible mechanism was suggested by Parry and 

DuBois.  They hypothesized that when copper-citrate complexes are present, additional 

Cu2+ ions can bind to the complex, but this is a relatively slow process.  The rate is 

determined in part by the copper concentration.  In the presence of excess copper, two 

additional Cu2+ ions may coordinate to the citrate structure, liberating two hydrogen 

atoms per copper in the process (Parry and DuBois, 1952).  Although the actual structures 

are not confirmed, this interpretation is in accord with what was experimentally observed 

in Boas’s and Yang’s groups who stated that formation of a copper-citrate chelated 

complex contains more than one citrate anion (Boas et al., 1969; Yang et al., 2006).  The 

excess copper ions form complexes with citrate ions resulting in a very high amount of 

copper uptake in the column. 
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Figure C.8  Distribution of copper and citrate species in function of pH for  
 Cu:Citric acid 1:0.5 molar ratio (Cu: 3.78mM). 
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Figure C.9  Breakthrough of copper and citrate from the column experiment when  
 the solution contains Cu:Citric acid in a 1:0.5 molar ratio at pH 5.5. 

 

C.5 Conclusion 

This work explored the competition binding between copper to citrate and to PEI. 

Results indicated that the presence of citrate amplified copper uptake in the column using 

PEI adsorbent. This is a great advantage when wastewater streams contain either low or 

high amounts of citric acid ligand. Since citrate ions bind to PEI through both chelation 

and/or electrostatic interaction, copper ions are able to interact with both PEI and citrate 

which leads to a very high amount of copper removal from waste streams.        
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APPENDIX D 

MATHCAD CODE 

The solution to equation 2.6, after applying LaPlace Transforms (Bürgisser, 1993) 

and boundary conditions mentioned in section 2.1.2, is shown in equation 2.10. 
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and, 

  = Concentration of tracer, mol/mC 3  

  = Time, s t

  = Interstitial fluid velocity =  zv ε⋅A
Q , m/s 

  = Fluid flow rate, mQ 3/s 

 A   = Column cross-sectional area, m2 
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 ε  = Bed void volume, - 

  = Axial dispersion coefficient, mzD 2/s 

  = Length of column, m z

  = Initial concentration of C , mol/moC 3 

 

By monitoring the column response data as a function of time, the dispersion 

coefficient is obtained from the correlation between model and data response from a 

tracer.  Using MathCAD with code below, column dispersion coefficient is obtained by 

fitting to the single adjustable parameter . zD

55.4:=z   (cm)      (cm/s) 0354.0:=zv
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Sum of squares to be minimized:   ∑ −=
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Initial guess for parameters:   1:=D   (cm2/s) 
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      Given

0)( =DSSE  

 

Parameter for best fit:    )(: DMinerrD =

31062.8 −⋅=D   (cm2/s)       Mean squared Error:   026.0
2

)(
=

−n
DSSE  
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APPENDIX E 

COMSOL CODE 

Model Navigator - Convection and diffusion equation in 2D 

Draw – Line of 4.55 cm long to represent a column 

Physics – Subdomain Settings  

  Species:- 

   Time-scaling coefficient = 1+ sρ *(1-ε )*  *b/(aQ ε  *(1+b*C)^2) 
   Diffusion coefficient =  zD
   Reaction Rate = 0 
   x-velocity = zv  
 
  Initial value:- 

   Concentration = 0 
 
Physics – Subdomain Settings 

  Inlet – Concentration =  oC
  Outlet – Convective flux 

Options – Constant… 

  = Interstitial fluid velocity =  zv ε⋅A
Q , m/s 

  = Fluid flow rate 1.5 x 10Q -8 m3/s 
 A   = Column cross-sectional area = 7.85 x 10-5 m2 

 ε  = Bed void volume = 0.24 
  = Axial dispersion coefficient = 8.6 x 10zD -7 m2/s 
  = Initial concentration of copper = 3.78 mol/moC 3 
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 sρ  = Adsorbent density = 1.2 x 106 mL beads/m3  
  = Maximum adsorption capacity = 4.8 x 10aQ -4 mol adsorbate /mg adsorbent 
  = Langmuir isotherm constant = 5.63 mb 3/mol 
  
 

Mesh – Refine Mesh 

Solve – Solve Problem 

Postprocessing – Domain Plot Parameters 

  General – Line/Extrusion plot 

  Click apply to obtain a breakthrough plot of concentration vs. time 
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