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Summary

This research examines the metal adsorbing properties of a polyamine that was synthesized by modifying
polyketone. Amines are well known for their chelating properties and therefore a polymer with free primary
amino side groups was developed. The established pathways for creating polyamines are time-consuming
and costly. The pathway of the Paal Knorr reaction created by Y. Zhang et al. (2007) is very easy to perform,
easily upscaled, relatively cheap and has a relatively high vyield. By adding polyketone and 1,2-
diaminopropane a pending pyrrole unit with a 1,2-DAP side group is created. The polymer is cross linked at
a temperature of 120°C to prevent it from solubilizing. The primary amino group is able to form a dative
bond with a metal cation resulting in a lower metal concentration in the water. Some of the most common
and polluting heavy metals existing in surface water and free nature have been tested on polyketone 30%
ethylene with 1,2-diaminopropene as a side chain (PK30-1,2DAP): Cu?+, Cr3+, Co?, Ni2+, Fe3+, Hg?+ and Ag".

The main goal of this research was to test the adsorbing properties of the PK30-1,2DAP. A batch procedure
was developed to examine uptake properties of the polyamine for each different metal. In literature
parameters such as pH, contact time (kinetics) and temperature are varied. The pH was set within a range
of 3-11 and the temperature was tested between 35-80°C. The contact time was taken at 10-40 minutes
stirring. A constant equimolar metal:amine ratio was sustained. A relatively high uptake of Cu2+, Ni+, Cr3+
and Ag+ was reached. At pH values above 5 no representative result have been made. Desorption of the
metal ion occurs at higher temperatures. After 40 minutes 0,75 mmol/g Niz+ at 22°C while at 80°C 0,69
mmol/g Niz* was reported. PK30-1,2DAP performs better than other polyamines like PEI and PVam. PK30-
1,2DAP adsorbs roughly 1000 times more Cu2+ than BPEI and roughly 400 times more than 220K-LPEI at
pH = 3. All samples have been analyzed by atomic absorption spectrophotometry.

With the batch procedure three other different experiments were performed. A selectivity experiment, a
cross linking experiment and an experiment with different chelating side groups were conducted to gain a
more complete result of the properties that PK30-1,2DAP has. Four metals (Cu?+, Cr3+, Niz+ and Ag*) with an
affinity for attaching to PK30-1,2DAP were blended with equal concentrations to examine which metal is
favored. More Cu?* is adsorbed than Ni2+ and Cr3+, £34% of all copper is removed while £20% of nickel and
almost no chromium is removed. By cross linking PK30-1,2DAP with 1,6-hexanediamine instead of using
heat to crosslink the polymer, a different method was created to examine if a higher cross linking degree
was possible. Temperature experiments were performed to see if the cross linking with 1,6-hexanediamine
could reach similar metal uptake. These new cross linked polyamines are very temperature sensitive, they
solubilize at temperatures above 50°C. By adding another amino compound in the Paal Knorr synthesis a
tertiary amino group was attached instead of a primary amino group. The influence tertiary amino groups
exert on metal uptake properties were examined. Cu2+ uptake is not affected by type of amino group. Ni2
uptake drops from +30% uptake to +15% uptake and Ag+ drops from +55% to 15% uptake.

To analyze the polyamine on a industrial application, a semi-continuous implementation was realized. A lab
scale fixed column driven by a pump was created. Only copper solution was tested in this experiments. The
properties of the PK30-1,2DAP as a bed were examined at different flow rates and at different bed depths.
The flow rate turned out to be very influential on performance of the column. The samples were directly
analyzed by online conductivity measurements and displayed by a CoachLab Il MRD 291. To predict
breakthrough curves and determine characteristic parameters useful for possible process design in the semi
continuous experiments, two models were applied to the experimental data: Bed Depth Service Time (BDST)
model and Thomas model. At a flow rate of 3,9 mL/min PK30-1,2DAP reaches values of K, No, km and qo of
0,008 L/mmol.min, 858 mmol/L, 0,0089 L/mmol.min and 1,01 mmol/g respectively against 0,012 L/mmol.min,
118 mmol/L, 0,012 L/mmol.min and 0,24 mmol/g resp. for PEl impregnated palm shell activated carbon.
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1. Introduction
1.1. Metal pollution

Contamination of soil, surface/ground water and air by heavy metals is an anthropogenic problem that
originates from early industrialization in the nineteenth century. By dumping waste waters from metallurgic
and mining industries in nearby rivers, lakes and soils, big contaminated areas all over the world were
created. As a result of intensified industries such as metal finishing, paint, electroplating, light industry and
metal plating all sorts of highly concentrated toxic metals such as chromium, cobalt, iron, nickel, copper,
mercury, lead and cadmium are discharged into the environment. Heavy metal pollution is wide spread. It
does not only originate from industry but also from road runoff. Metals like lead, zinc, copper, aluminum,
chromium, nickel, iron and cadmium get into the environment through leaded gasoline, corrosion of body,
break emissions, tire wear, air conditioning coolants, fuel burning, engine parts, batteries, lubricating oil,
galvanized parts etc.

Hg analyser, detection limit 0001 mg/kg. Number of samples 833, Median 0,040 mg/kg
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Figure 1: Concentrations of mercury in topsoil.

Source: WHO (2007)

The attention for waste water treatment and metal recovery originates from the fact that metal ions are
naturally non biodegradable and their intake at a certain level is toxic. The pollution of surface waters
worsen or makes the use for drinking, industrial or agricultural impracticable. Pollution in the form of heavy
metals that enters the soil is adhered to the solid soil matrix but is still able to be taken up by plants and
subsequently enters the food chain. For example: methyl mercury (CHs-Hg*) is a very well-known



compound that has neurological effects such as ataxia, dysarthria and paresthesia on adults and children.
The inorganic form of mercury that is released into the environment can be converted biologically to methyl
mercury in soil and water [1]. Many people have been poisoned by methyl mercury contaminated food. In
Minamata (Japan) industrial waste water of Chisso Corporation was released up to 1959 for about 30 years
into Minamata Bay, the methyl mercury bio accumulated in (shell)fish which were eaten by the population
creating a mass poisoning. Also in Iraq in 1971 a big methyl mercury poisoning happened, called the Basra
poison grain disaster. A large amount of American barley and Mexican wheat intended as seed grain and
treated with methyl mercury against rot was stolen from the dock, and sold as (animal) food. Although the
grain was painted pink and warning signs saying (in English and Spanish) that the grain was poisonous,
many people directly or indirectly consumed methyl mercury and suffered serious illnesses and even death
2.

As a result of a tremendous amount of metal contaminated sites in Europe, the European Environment
Agency (EEA) in 2007 states in report number CSI 015 that 250.000 sites in the participating countries need
cleaning up. An estimation of even 3.000.000 sites across Europe are suspected of serious polluting
activities and are in need cleaning up of soil. The predicted number of contaminated sites are expected to
rise up to 50% in 2025. Heavy metals are the biggest contributors: 37,3% of all contaminants next to mineral
oils in reported sites. In Figure 1 an example of mercury present in the top soil of Europe is given [3].

Next to heavy metals discharged into water or soil, emission into the air by flue gasses from incinerators,
large combustion plants and power stations also take place. The UK Environments Agency reports about a
flue gas desulphurization by one of the UK’s biggest power stations that has discharged 2,25 tonne Pb,
46kg Cd and 234kg Ni into the air in 2006. Electrostatic precipitators and flue gas scrubbers have reduced
this emission values [3]. For example: elemental gaseous mercury is very stable and can be transported on
a global scale before it is deposited on land or water surfaces after oxidizing. In Sweden the first long term
distribution of mercury was reported in the late 1970’s. Around 1990 a big reduction of mercury emissions
caused a decrease in wet deposition of mercury on land and surface water. This decrease in mercury
emissions is a good development, conversely new emissions originating from Asia appear [1].
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Figure 2: Heavy metal and arsenic intake through food by adults, 2004.
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Many metals such as Cu, Fe, Ni, Mn and Zn have indispensable micronutrient properties for humans and
animals. On the other hand metals such as Cr, Pb, Cd and Hg have no known physiological assignment and
have adverse properties beyond a certain limit [4]. Excessive intake/exposure can cause all types of serious
illnesses such as lesions in the central nervous system, liver and kidney failure, bone deterioration and
neurotoxicity [5, 6, 7, 8, 9, 1, 10]. The nature of these effects can be chronic, acute, carcinogenic, mutagenic
or teratogenic [11]. Because metals are able to bio accumulate in human organs through food, such as rice,
soy beans, vegetables, milk and fish it is important to prevent inorganic metals to enter (irrigation) water that
can transfer the detrimental metals [1, 10]. Consumption of food that has elevated levels of heavy metals
can lead to a high level of accumulation resulting in possible health related complaints. Although measured
concentrations of concerning metals in consumed food as a result of contaminated irrigation water, long
term effects as a result of bio accumulation can be very harmful.

Effective removal of heavy metals from industrial waste water and sewage water has become inevitable due
to the hazardous properties and detrimental impacts of heavy metals on eco systems as well as on public
health. Water is the world’s most important resource and therefore it needs to be cherished. Water has the
unique property of dissolving and carrying in suspension a whole lot of different compounds, making it very
susceptible to contaminations. Many big rivers such as the Ganga in India maintain the lives of people in
numerous cities, towns and villages. The above-mentioned anthropogenic activities and the continuous use
of heavy metal containing fertilizers and pesticides in agriculture result in worsening of water quality. If the
concentration of different metals exceeds the standard value for irrigation indicated by the Food and
Agriculture Organization (FAO) the water should not be used by irrigation. Before using river water for
irrigation purposes, proper care should be taken to prevent heavy metal poisoning [4]. Several different
methods are being used for removal of heavy metals from waste waters, which include adsorption-flotation,
chemical precipitation, ultra filtration, electro dialysis, adsorption on minerals, ion exchange, reverse
osmosis or by biological treatment. These methods are relatively expensive or have all kinds of different
limitations or are labor intensive which makes it attractive to develop cost-effective, cheaper alternatives [12,
13].

1.2. Transition metals

Chromium is an element that acts as an essential micronutrient in human and animal nutrition at low
concentrations. At higher concentrations it is a known carcinogen when present as chromate. It is very
difficult to discern what oxidation state of chromium is responsible for the effects seen, although hexavalent
chromium is seen in studies where acute and chronic toxic effects have been recorded. In the environment
chromium occurs naturally and is a relatively abundant element (215t most abundant) in the crust of the
earth. Oxidation states of chromium vary from 2+ to 6+. Approximately 40 chromium containing minerals are
known, nevertheless chromite (FeOCr20s) is the only mineral of economic importance. [16]

Cobalt is comparatively rare and is the thirty second most abundant element in the earth’s crust. In metallic
form it is steel-grey, shiny, hard, ductile, brittle, and magnetic. It's oxidation states are +2 and +3. Cobalt is a
constituent of vitamin B12 and in its form essential for mammals i.e. also for human beings. Because of its
industrial use, cobalt also possesses a potential danger in occupational exposure primarily for metal workers.
Cobalt, like nickel, belongs to the metals known as occupational carcinogens. [16]

Iron and iron alloys are the most widely used metals in everyday use and industrial use. An iron surface is
initially grey-silvery colored but turns reddish brown (formation of ferrous oxides) after contact with air as a
result of oxidation. Iron is responsible for about 5%(m/m) of the earth’s crust and it is believed that 35%(m/m)
of the entire earth’s mass consists of a Fe/Ni alloy. Iron has an essential role in all living organisms,
because in cells of organisms iron is stored in the centre of metalloproteins.

Nickel is widely distributed in the environment and is the twenty-fourth most abundant element is the earth’s
crust. In metallic form it is silver-white and malleable. Its oxidation states are +1, +2 and +3. Divalent nickel
compounds are non-toxic for animals, man and plants at prevalent concentrations in natural waters, soils
and food. Inhalation of inorganic, water insoluble nickel compounds in dust or fumes can increase the risk of
respiratory tract cancer.[16]



Copper is a metal with a rather ductile character that is mainly used as a thermal and electric- conductor,
part of many alloys and used in construction material. Pure copper has a slight pinkish color, but just like
iron it oxidizes when it is in contact with air to form a thin layer of tarnish with a orange-brown color. Iron on
the other hand does not form such a thin layer but corrodes completely. Copper is together with silver and
gold part of the group 11 elements, therefore they all have similar properties like high thermal and electrical
conductivity and malleability. Copper, just like gold, has an unique electron orbital filling, creating its distinct
color. This is a result of the 4s orbital having only 1 electron, the 3d orbital is filled first in contrast with
Madlung’s rule. For gold the corresponding orbitals are 5s and 4d. Copper has next to the previous
mentioned applications and uses also many other applications like: piping, architecture, industry, coinage,
household products and biomedical applications.

Mercury is a heavy (density 13,5 g.ml), silver white liquid at ambient temperatures. It has a relatively high
vapor pressure. Mercury can exist in a large number of different physicochemical forms having diverse
environmental and biological behavior. It is capable of making covalent bonds and forms amalgams.
Organo-mercury compounds (methyl mercury) are formed by biologically-mediated processes in nature. lts
extreme toxicity results in many investigations to find out about environmental impact. Next to the elemental
Hg state, inorganic mercury is found in the environment in the +1 (mercurous) state and in the +2 (mercuric)
state. These physical characteristics make it necessary to treat it with special care.[16]

Silver is a soft, white lustrous transition metal with the highest electric- and thermal conductivity of all
investigated metals. Because it is such a ductile metal it is very malleable. Despite its very high electric
conductibility silver was never widely used for electrical purposes due to its high cost and ability to tarnish.
Silver is also known for its toxic effect on some bacteria, algae, viruses and fungi.

1.3 Complexes

A complex is a compound that exists of a central metal ion attached to a number of ligands. Ligands are
molecules or ions that are held by the metal ion by overlap of an empty orbital (d- and sometimes f- orbitals)
on the metal with a filled orbital of the ligand. The bond that is created is covalent but can have varying
degrees of ionic character depending on positive and negative charges on the metal and surrounding
ligands [14]. For example: the ligands are -NH. side groups attached to the backbone of the modified
polyketone. The number of surrounding ligands is called the coordination number and often 2, 4 or 6 are the
coordination numbers. Ligands are able to chelate, meaning more than one ligand interacts with a central
metal ion. Chelating ligands are more stable than complexes with an equal number of similar monodentate
ligands. In solution the metal ions are enclosed by polar molecules of the solvent (water). Mostly six water
molecules surround the metal ion: [Cu(H20)s]?* . When a ligand molecule is added to the solution the ligand
can replace a water molecule in the aqua complex. The substitution in a complex formation reaction looks
like: [Cu(H20)g]%* + -NHz <> [Cu(H20)s(-NH2)]2* + H.0.

This reaction is also written as: Cu2+ + -NH, <> [Cu(-NH.)]2* to simplify. The surrounding water molecules
are subsequently replaced by the new ligands. The substitution of one H.O molecule by —NH, takes place
step by step and is distinguished by a stepwise formation constant K; displayed in the example of copper
and NHz mentioned below.
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In which Ki, Kz, K3 and Ky are the stepwise formation constants that decrease with increasing number of
ligands. The bigger Ki is, the bigger the stability of the complex is, if Ki is small it indicates that the ligand has
a weaker dative bond than water molecules attached to the metal ion. Each metal and ligand have different
values of these stepwise formation constants.

1.4. Polyamines

Polyamines can be distinguished into low molecular weight and high molecular weight polymeric molecules.
Low molecular weight polyamines are very common building blocks in nature and are widespread. They
occur in plants, bacteria, funguses and animal cells. Low molecular weight polyamines are thought to be
required for cell growth as they are found in milk and dairy products. Apart from milk, also fruit, fish, meat
and nuts contain polyamines that provide essential polyamines for growing children.

In addition to naturally existing polyamines and diamines there are commercially available high molecular
weight polymeric amines and diamines including 1,2-diaminopropane, ethylene diamine, diethylene triamine,
vinyldiamine and ethylene imine. The presence of amino groups in diamines and polyamines enable or
enhance metal chelating properties and corrosion inhibition. The diamines and polyamines are able to react
with other compounds that have difunctional properties to form cyclic structures. Ethylenediamine (HaN-CHo-
CHa-NHy) with two equivalent amine groups on either side of the molecule is fully miscible with water and
other solvents such as methanol and benzene, but is slightly soluble in hydrocarbons such as hexane.
Branched PEIl is soluble in water as a result of hydrophilic properties. Branched PEI displays cationic
properties depending on its protonation level offering a wide spectrum of physicochemical properties with



industrial importance. The degree of branching reaches one of every three nitrogen atoms with tertiary
amino groups. The ratio between primary, secondary and tertiary amines is 1:2:1.

Cationic ring opening polymerization is the main route used to produce branched PEI. The synthesis of
Polyethyleneimine (PEI) has been known for about 50 years by polymerizing ethyleneimine. The possibility
of the transfer of a proton from the active species to other amino functions in the reaction mixture makes the
polymerization mechanism difficult. This can occur in the early stages of the polymerization resulting in
oligomeric compounds as reaction products. Protonation of the monomer is the initiation reaction. The
initiation reaction becomes protonation as a result of proton transfer when an alkylating agent is used for
initiation. The oligomers created in the first step can react in three ways as seen in under mentioned
scheme. After protonation of the aziridine end group, a new monomer molecule can be added. One of the
linear amines reacts with an aziridinium ion to form a linear or branched structure. The amino function of the
terminal tertiary aziridine reacts as a nucleophile with an aziridinium to produce a quaternary aziridinium ion
[15]. A branched structure (BPEI) is the end product. At a temperature of 90-100°C in a stirred reactor, the
polymerization is carried out. This complicated mechanism leads to a polymer that has primary, secondary
and tertiary amines and even a small fraction of quaternary ammonium ions. This mechanism is described
in the following scheme:
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Reaction mechanism of branched polyethyleneimine (BPEI)

Linear PEI can be obtained by three methods. The polymerization of aziridines at lower reaction
temperatures. Hydrolysis of poly(N-acyl ethylenimine) under acidic conditions. Polymerization of
ethyleneimine in which the proton is protected by a tetrapyranyl group, the protective group is removed by
acid hydrolysis and a free base obtained after neutralization. The most used synthesis route of linear PEI
(LPEI) is the hydrolysis of poly(N-acyl ethylenimine) shown in under mentioned scheme. The hydrolysis is
obtained by cationic polymerization of N-alkyl or aryl oxazoline. A BFs-Et,O catalyst is used at 80°C in basic
conditions. When Poly(N-acy! ethyleneimine) are used as a source for production of totally unsubstituted or
partially N-acylated linear PEI, acid hydrolysis is preferred. The LPEI will have a well defined structure as a
result of typical living characteristics so that polymers with controlled molecular weight and narrow
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distribution can be obtained. Linear PEI is insoluble in water at room temperature, benzene, acetone and
are soluble in hot water. BPEI and LPEI are often grafted onto a carrier which is explained in chapter 3.2.
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Reaction mechanism of linear polyethylenimine (LPEI) synthesis by hydrolysis

In the synthesis of Polyvinyl amine (PVam) 2-propanol is used as solvent and chain transfer reagent. The
simplest precursor of PVam is vinylamine. This compound cannot be used because it tautomerizes to
acetaldehyde imine. Therefore alternative indirect routes have to be found. Poly(N-vinylformamide) PNVF is
obtained at 65°C after 4 hours of free radical polymerization of N-vinylformamide in mixed solvents of
formamide/2-propanol with 2,2-azobisisobutyronitril (AIBN) as initiator. PVam is obtained from hydrolysis of
PNVF in strong NaOH solution. Acidification is carried out with concentrated HCI and exchange with strong
Amberlite IRA-400 (OH) anionic resin to convert into free base amine [11]. During hydrolysis byproducts
such as acid salts are produced. Depending on the application used for PVam, these byproducts are
tolerated. Ultrafiltration or dialysis are able to remove these byproducts on lab scale. A more elegant route
for removal of byproducts is partially hydrolyzing PNVF using aqueous ammonia at elevated temperatures,
followed by degassing of ammonia and catalytic removal of remaining formate by decomposition of the
formate on the metal catalyst [15].

CHy=CH AIBN -(-L'“:'H'l [+ 1) Naol] L {_"(['H_}W
Pr” [ 2-Propanol ?I{I l 21 HCI NH-
HC=( Formamide HC=0 3 IRA-A00 =

Synthesis of PVam via hydrolysis Poly(N-vinylformamide)

1.5. PolyKetone

A great number of studies have been performed on metal chelating polymers that capture the polluting
metal from water solution. Many types of resins have been developed in recent years to purify waste waters
contaminated with heavy metals. The most polymer-metal complexes are carboxylic acids, acrylics, acryl
amides, pyridines or amines. This polymers can be homo- or copolymers which contain one or more
coordinating groups. The coordinating groups are placed at the backbone or at the side chain. Amino
groups are known for their ability to form stable complexes as a result of the free electron pair on the
nitrogen. Once the metal ion is linked on the polymer surface, it is site fixed by the amino ligands [13]. The
synthesis of polymers containing amine side groups has obtained intensified interest in recent years. The
interactions of polyamines with metal ions are subject of interest due to their well defined metal complexing
ability. These metal chelating agents have potential analytical and technological applications in
environmental science, metallurgy industry and waste water treatment.
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Synthesis of PolyKetone

In this project the attention is focused at the complex formation of transition metal ions by polymers
containing amine side groups. Chemically modified polyketones (PK, perfectly alternating copolymers of CO
with ethylene and/or propylene) for the complexation of heavy metal ions in water solution are used. All
sorts of variables affect the interaction between the metal and the polymer such as pH, contact time,
temperature, ionic strength, nature and charge of the metal ion and counter ion. Other variables such as the
structure and copolymer composition, molecular weight, nature of atoms in the backbone chain, nature of
the functional groups attached to the backbone, degree of cross linking and the distance between functional
groups and backbone, are also able to affect interactions [13]. No experiments on this new type of polymer
have been done yet.

PK-30 has a 30% ethylene content with: My, = 3970 g/mol. Via the classic Paal Knorr reaction a polyamine
can be synthesized by adding a certain amine, in our case 1,2-diaminopropene, to the polyketone. This
yields a pyrrole unit with pending amino groups in the side chain. The use of polyketone derivatives for
metal ions complexation is at best of our knowledge not previously reported in the open literature nor
claimed in any patent. It constitutes therefore a clear novelty aspect of the present project. A completely
new type of adsorbent that has been synthesized by a relatively simple Paal Knorr reaction is expected to
be at least as effective as well known conventional adsorbents like (impregnated) activated carbon, sawdust,
rice straw, (coated) zeolite, chitosan beads et cetera. The main goal of this research was to find out if the
polymer developed by Y. Zhang et al. would have adsorbing properties with regards to heavy metals like for
instance copper, mercury and chromium. Secondly if it could compete with other adsorbents regarding its
performance (and cost price). This was realized by semi-batch experiments and by a continuous process
using a column.

The synthesis route of PK30-1,2DAP is a very simple one and can readily be performed in every laboratory.
Compared with the synthesis of BPEI and LPEI, PK30-1,2DAP is much easier to synthesize and requires no
dangerous additives. It is faster although it still needs washing and freeze drying afterwards. PVam is
synthesized in an easier way than PEI, but generates byproducts that need to be removed.

NH. NH,

o Lk

,—»/\n/\)l\,/" + HzN/\/ N N g
=0 D

[¢] NH,

Paal Knorr reaction: synthesis of PolyKetone-1,2 diamino propane
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1.6. Modeling Fixed Bed Adsorption Column

Adsorption processes in chemical engineering are often coupled to adsorption in a column. The adsorbents
are highly porous materials. The adsorption takes place on the walls of the pores or at specific sites inside
the particle. The pores of the adsorbent are very small and the internal surface area is orders of magnitude
greater than the external surface area. The separation of molecules occur because the polarity, molecular
weight or shape cause some molecules to be held more strongly on the surface than other molecules or
because the pores are too small for some larger molecules to be accepted. The removal of organic
components from drinking water or aqueous wastes, colored impurities from sugar solutions and vegetable
oils, and water from organic liquids is realized by adsorption from liquid phase, next to metal complexation
from aqueous solutions. Vapor-phase adsorption is an application that includes the recovery of printing inks,
organic solvents used in paints, and solutions for film casting or fabric coating. Also adsorption on carbon is
used to remove odorous compounds like H.S and CS; from air circulating in ventilation systems. Next to this,
adsorption is used to dry gasses from industrial streams [17].

On an industrial scale, a typical system used for adsorption contains parallel placed beds of 0,3 to 1,2 m
deep supported on a screen or a perforated plate. The feed passes down one of the beds while the other is
regenerated. As the concentration of the effluent reaches a certain value (usually set by government
emission standards) or at a scheduled time, valves are automatically switched to direct the feed to the other
bed and start the regeneration step. The size of the bed is determined by the gas flow rate and the desired
cycle time. The bed depth and flow rate are generally chosen to provide cycle times between 2 to 24 hours.
The concentrations in the fluid phase and in the solid phase change in time and together with the position in
the bed. Most of the mass transfer takes place near the inlet of the column. After several minutes the
adsorbing solid becomes saturated and the mass transfer is taking place further from the inlet of the column.
The concentration gradient is now showing the typical S-shape. Most of the concentration change occurs in
the so called mass transfer zone, with C/Co values 0,05 as break point concentration and 0,95 as exhaust
concentration. With increasing time, the mass transfer zone moves down the bed [17]. Many different types
of particles can be used to adsorb one or more components from a flow in the bed of the column. We have
used a diluted copper solution that was adsorbed by polyamine. Along the length of the column adsorption
occurs from the inlet of the column in the direction of the outlet of the column. As the adsorption proceeds, a
zone near the inlet of the column becomes saturated and a zone with increasing concentration of the copper
solution is observed. A breakthrough curve is obtained when the mass transfer zone approaches the exit of
the bed of the column by leaking of the copper solution. [18]

When an adsorption column with polyamine resin acting as the fixed bed material is designed, it is desirable
to predict the breakthrough curve of the effluent. To determine parameters associated with the models that
are used, the adsorption data have to be fitted. In this way the influence of the parameters on the fixed bed
adsorption process can be optimized. In literature the modeling of several established models are
mentioned: Bed Depth Service Time model (BDST) and the Thomas model. These two models are used to
determine the adsorption rate constant (K), adsorption capacity (No), Thomas rate constant (km) and the
Cu?+ uptake per gram resin at equilibrium (qo).

The BDST model states a relation between the service time and the packed bed depth of the column and
the Thomas model determines the maximum solid phase concentration of solute on the adsorbent and the
adsorption rate constant for an adsorption column. The models are expressed as:

BDST model:  C,r = N _ lln S -1 (1)
K (C

u t

kp,qom _ krhcoveﬁ
0 )

Thomas model: ln(% — 1J =

t
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Co = influent concentration (mmol/L) kh = Thomas rate constant (mL/(min mmol))

Ci = effluent concentration at time t (mmol/lL)  qo = equilibrium Cu2+ uptake (mmol/g)
K = adsorption rate constant (L/(mmol min))  Q = volumetric flow rate (mL/min)

No = adsorption capacity (mmol/L) Vi = volume of the effluent

h = bed depth of fixed bed (cm) m = amount of resin in the column (g)
u = linear flow rate (cm/min)

t = service time to breakthrough (min)

Linear plots of Cot against In[(Co/Cy)-1] and In((Co/Cy)-1) against Vei/Q (or t) have to be made to calculate the
values of No and km from the intercept and K and qo from the slope of the linear plots [6]. These two models
are mathematically equivalent. One single fitting equation can be obtained from these three different model
equations.

The fitting equation is expressed as:

h{& - 1} =A- Bt 3)
C

t

KN, h k
Where A = ——°" (BDST model) and A = %(Thomas model),
u

B = KC, (BDST model), B =k, C,(Thomas model). [2]

1.7 Adsorbents

Most materials used for adsorbing purposes have a porous structure. Adsorption is a physical phenomena
and is mainly caused by Van der Waals forces and electrostatic forces between molecules that need to be
adsorbed and the atoms that consist of the adsorbent surface. Surface properties such as surface area and
polarity are characterizing for porous adsorbents. For a large adsorption capacity a large specific surface
area is desired. A result of a large internal surface area in a relatively small volume is the appearance of
large numbers of micro pores. Pore size distribution of the micro pores is important because the
accessibility of the metal ions to the adsorption surface of the polyamine is determined by the size of the
micro pore. Next to this there is also a distinction made between hydrophilic and hydrophobic adsorbing
surfaces. Hydrophilic adsorbents are polar because the surface polarity causes affinity with polar
substances. Non polar adsorbents are mostly hydrophobic and have more affinity with oil than water for
example. [18]

1.8. Porosity, pore size distribution, surface area

Porosity is a macro porous medium property and is defined as the ratio of the volume of void space to the
bulk volume of a porous medium. Pores are characterized by their diameters, where micro- (<2 nm), meso-
(2-50 nm) and macro pores (>50 nm) are identified. For determining pore size distributions and surface
area of the porous medium, the pore volumes have been related to the amount of gas required to fill the
pores when converted to the volume of the corresponding liquid using the liquid density which is assumed
constant. The specific surface of a porous material is defined as the total interstitial surface area of the
pores per unit bulk volume of the porous medium. There are several different methods to determine the
surface area of a porous medium. [19]

1.9. Aim of the work
This research examines the metal adsorbing properties of PK30-1,2DAP. Parameters such as residence

time, pH, temperature, selectivity and difference in primary, secondary and tertiary amino side groups are
investigated. A semi-continuous column deployment will be modeled by two established models.
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2. Materials and methods

2.1. Materials

The alternating polyketone with 30% ethylene (PK30, My = 3970), 1,2-diaminopropane (Acros, 99%) and 2-
DAEA (Aldrich, >98%) were used for modifying PK30-1,2DAP and PK30-2DAEA resp.. 1,6-hexanediamine
(Acros) was used for cross linking PK30-1,2DAP and PK30-2DAEA. Methanol (Lab Scan, >99%) and
tetrahydrofuran (Acros, >99%) were used in the modifying procedure as a solvent. Hydrochloric acid (Merck,
37%), nitric acid (Merck, 65%) and sodiumhydroxide (Merck) were used to adjust the pH in batch pH
experiments. Table 1 displays the metal salts used to produce all mother solutions used in batch and

continuous experiments.

Metal Salt Manufacturer
Chromium Cr(NO3)3.9H,0 Sigma-Aldrich
Cobalt Co(NO3),.6H,O Sigma Aldrich
Iron Fe(NOs);.9H,0 Sigma Aldrich
Nickel NiCl, Sigma Aldrich
Copper CuS0,.5H,0 Merck
Silver AgNO; Merck
Mercury HgCl, Baker

2.2 Chemical modification of PK30-1,2-DAP

Table 1: Salts used for preparing mother
solutions in batch experiments

The chemical modification of polyketone (40 g of structural unit) was carried out in a sealed 250 mL round
bottom glass reactor with a reflux condenser, a U-type anchor impeller, and an oil bath for heating. After the
polyketone was preheated to the liquid state at the employed reaction temperature (110°C), the 1,2-diamine
was added drop wise into the reactor in the first 20 minutes. The stirring speed was set at a constant speed
of 500 rpm. During the reaction, the mixture of the reactants changed from the slight yellowish, low viscous
state into a highly viscous brown homogeneous paste. The reaction mixture was kept at 110°C for 4 hours,
corresponding to a maximum carbonyl conversion of roughly 70%. After the reaction was completed and the
polymer cooled down to room temperature, the product derived from the 1,2-DAP changed into rigid solid
material. The resulting polyamine was washed for an hour after grinding with deionized Milli-Q water. After
vacuum filtering, freeze-drying and again grinding, light brown polymers were obtained as the final product
[9]. Additionally, the polyamine obtained is cross linked by heating the powder for a period of 10 minutes in

an oven of 120°C.

The chemical modification of PK30 into PK30-2DAEA was reached in the same way as the modification into
PK30-1,2DAP. After preheating the polyketone to 90°C, the 2-diamino ethylamine was added drop wise into
the reactor. The reaction mixture was kept at 90°C for 5 hours at a constant stirring speed of 500 rpm. The
reaction mixture changed from a waxy yellowish color to a brownish viscous paste. After the reaction was
completed, the polymer was brought to the fridge to work at a low temperature of £0°C. Liquid N is poured
over the polymer to make it very brittle so it is easier to grind it. Deionized Milli-Q water was used to wash
the polyamine. After vacuum filtering, freeze drying and again grinding a dark brown polyamine was

obtained.

In later experiments cross linking was attained by using 1,6-hexanediamine. The polyamine is placed in the
round bottom glass reactor with reflux condenser, a U type anchor impeller and preheated to 110°C in the
oil bath. After melting of the polyamine, the 1,6-hexanediamine solubilized in excess methanol is added drop
wise into the reactor in the first 20 minutes. The reactor is kept sealed the first 90 minutes of the reaction,
the last 30 minutes of the reaction the reflux condenser is removed and the methanol is allowed to escape
the reactor. The resulting cross linked polyamine was washed for an hour with deionized Milli-Q water.

Filtering, freeze drying and grinding results in the final cross linked product.
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Cross linking PK30-1,2-DAP with 1,6-hexanediamine was performed in the same reactor with reflux
condenser and oil bath at a temperature of 60°C to crosslink at a lower temperature. This was neccesary
because at 110°C the polyamine cross links, the cross linking is mend to be carried out by 1,6-
hexanediamine. First PK30-1,2-DAP is dissolved in 150 mL tetrahydrofuran (THF). The 1,6-hexanediamine
is dissolved in 5 mL methanol. The cross linker is added drop wise in the first 20 minutes. The reaction
mixture was kept at 60°C for 24 hours. To retain the cross linked PK30-1,2-DAP from THF solution, the
mixture is added drop wise to 3 liter of deionized Milli-Q water. After filtering, freeze drying and grinding the
cross linked PK30-1,2-DAP is obtained as the final product.

2.3 Batch experiment

Table 1 shows which salts were used to prepare aqueous solutions containing metal ions. Mother solutions
of the corresponding salts were prepared. From this mother solution, a beaker was filled with sample (20 mL,
0,63 mmol metal) and 0,15 g (0,63 mmol amino groups/g resin) of dry resin added. In each experiment
equimolarity between the metal concentration and amount of amino groups per gram resin is used. The
effect of residence time, resin/ligand metal ion ratio, pH and temperature were studied. After stirring, the
volume was filtered over a glass filter. The filtered volume is diluted in 100 mL flasks. The metal ion
retention was determined by atomic absorption spectrophotometry (AAS).

In order to study the effect of residence time on metal ion retention, the aqueous solution (20 mL, 0,63 mmol)
was poured in a beaker and added polymer resin (0,15 g, 0,63 mmol) at room temperature and constant
stirring for 10, 20, 30 and 40 minutes. To study the effect of temperature on metal ion retention, the aqueous
solution (20 mL, 0,63 mmol) was poured into a beaker and added polymer resin (0,15 g, 0,63 mmol) at
constant stirring for 40 minutes. The beaker was held in an oil bath with temperatures of 35°C, 50°C, 60°C,
70°C and 80°C. To compensate loss of solution due to evaporation, the lost volume of sample was
supplemented with Milli-Q water. The effect of pH on metal ion retention is done in a similar way by pouring
mother solution (20 mL, 0,63 mmol) in a beaker, adding polymer resin (0,15 g, 0,63 mmol ) and constant
stirring for 40 minutes. The solutions were brought to pH values of 3, 5, 7, 9 and 11 with acidic and basic
solutions of 1M HCI and 1M NaOH. In the case of silver and mercury at low pH, HNO; is used instead of
HClI to prevent precipitation of the insoluble AgCl resp. HgzCl,.

24. Selectivity batch experiment

The selectivity experiment of the PK30-1,2-DAP for the different metals was carried out to see which metal(s)
is firstly bound to the polymer. Equimolar conditions are created to examine the selectivity through AAS.
Copper, chromium, nickel and silver are mixed in equimolar concentrations in a beaker (80 mL, 4 * 20 mL).
In the beaker 0,15 g of the polymer is allowed to stir in the 80 mL mixed metal solution for 40 minutes. The
uptake is measured for each metal by AAS.

2.5. Primary, secondary and tertiary amine side groups batch experiments
To examine the differences between the chelating properties of a primary, a secondary and a tertiary amine
group, 3 different polyketone based polyamines were prepared. In order to establish valid comparisons,

each polyamine is cross linked with 1,6 hexanediamine in a reactor. At pH = 2 and stirring time of 40
minutes the metals copper, silver and nickel were kept at temperatures 35°C, 50°C, 60°C, 70°C and 80°C.

HoN

HoN

Primary amine (1,2-DAP) Tertiary amine (2-DAEA)
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2.6. Column experiment

Column experiments were operated with a 10 mm diameter and 159,2 mm length stainless steel column. At
both ends of the column a porous ring was placed to contain the polymer inside the column. All experiments
were carried out at room temperature (293 K). The effects of flow rate and bed depth were evaluated at a
constant concentration of 0,16 mmol/L Cu2+ solution. The Cu2+ solution was fed to the column in a down
flow direction by a centrifugal pump (Verder VG 1000 BASIC). The down flow is preferred because up flow
at higher rates might fluidize the bed , causing attrition and loss of fines. Effluent concentration was
measured online by a conductivity probe (MRD 299 Vernier Software&Technology) directly after the
continuous flow leaves the column. Before each experiment started the influent concentration was
measured by the same conductivity probe. At an interval of 1 h effluent samples were recorded.

2.7. Measurements

In the batch experiments an lka RET basic C Safety Control was used to stir the solution. The lka RET basic
C Safety Control was also used to heat the oil baths for determining the effect of temperature. The pH was
measured with a Metronm 691 pH meter. A Perkin Elmer AAnalyst 200 AAS was used to analyze the
concentration of metal ions.

In the continuous experiments the Conductivity Probe MRD 299 Vernier Software&Technology were used to
measure indirectly metal concentrations. The computer used to monitor these analyses is a CoachLab Il
MRD 291. The pump used to transfer the influent into and through the column was a Verder VG 1000
BASIC.

NEW Legend:

Influent tank

Pump

CoachLabII Computer
Conductivity Probe
Fixed Bed Column
Effluent tank

AU AW -

Figure 4: Fixed bed column at the lab

17



2.8 Analysis

Analysis of the samples is carried out by two different well established methods: atomic absorption
spectrometry (AAS) and conductometry by means of a conductivity probe

2.8.1.  Atomic Absorption Spectrometry

In atomic absorption spectroscopy, samples are vaporized at 2000-6000 K and atomic concentrations are
determined by measuring absorption at characteristic wavelengths. At sufficiently high temperatures most
compounds decompose into atoms in the gas phase. Measuring at the parts per million region is routine, so
the samples need to be diluted prior to analyzing.

The liquid sample is aspirated into a flame. The temperature depends on the fuel and oxidant used. We
used acetylene and air which results in a temperature region between 2400 and 2700 K. The liquid
evaporates and the remaining solid is atomized in the flame. A typical path length of the flame is 10 cm. To
create the specific frequencies of light that are absorbed by a metal, the hollow cathode lamp has a cathode
made of the same metal. When the cathode is bombarded with energetic Ne* or Ar+ ions, the excited metal
atoms vaporize and emit light with the same frequencies that are absorbed by the analyzed metal atoms in
the flame. Because monochromators cannot isolate lines narrower than 103 to 102 nm, narrow lines with
correct frequency are produced by using a hollow cathode lamp. This lamp contains a vapor of the same
element as being analyzed. After the light beam reaches the monochromator, it reaches the detector.

2.8.2.  Conductometry

A conductivity probe is used for measuring the conductivity of a solution or the total ion concentration.
Conductivity is one of the most easy environment parameters of water measurable. It makes a very big
range of experiments possible where total ion concentration or salt content is of interest, such as:
¢ Research the connection between conductibility and ion concentration
e Demonstrate qualitative conductibility differences between solutions of strong and weak acids,
electrolytes, non-electrolytes
e Register rate of reaction of a reaction were ions are formed or used.

The conductivity probe measures the ability of a solution to conduct an electrical current between 2
electrodes. As a result of ion transport an electrical current starts in the solution. This means that a higher
ionconcentration results in a higher conduction. So conduction is the reciprocal of resistance. Resistance is
measured in ohm, conduction is expressed in the Sl unit siemens (S). A conduction of 1S is very high,
therefore the conduction of a solution is often expressed in uS. Although the conductivity probe measures
conduction, conductivity is the unit of interest. The connection between conduction and conductivity is:

C=G -k, (4)
In which the celconstant k. is determined with:

=, (5

With:
C = Conductivity (uS/cm) d = Distance between electrodes (cm)
G = Conduction (uS) A = Surface area of a electrode (cm?)

k. = Celconstant (cm)

An alternating current is placed over the electrodes of the probe. The current going through the solution is
proportional to the conductivity of the solution. The current is converted in the probe into a direct current
which can be measured with an interface. Using alternating current counter acts polarization and electrolysis
at the electrodes. This means that the solution is not contaminated with products of electrolyze.
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Four calibration solutions were made with concentrations of 20, 40, 60 and 80 mg/L with CuSQ4.5H.0 salt.
The conductivity was measured of each solution and above mentioned plot was obtained.
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3. Results and discussion
3.1. Batch experiments all metals

In the batch experiments seven different metals are investigated for their ability to be adsorbed onto the
PK30-1,2DAP. Chromium, cobalt, iron, nickel, copper, mercury and silver are investigated at different
residence time, pH and temperature.

3.1.1.  Chromium

Figure 5 shows that with increasing time the chromium cation keeps being adsorbed by the polyamine. After
40 minutes a significantly larger amount of mmol chromium is bonded than after 10 minutes residence time.
Just like other transition metal cations the chromium ion acts as a Lewis acid. This is the reason that all
solutions of the other analyzed metals have a pH in the range of 2-5. The positively charged cation accepts
the electron pair from the water molecule resulting in acidic behavior. Next to this chromium behaves
amphoteric with its hydroxide form. The following reactions occur:

In acid: Cr(OH)s (s) + 3H30* (ag) «»> Cr3+ (aqg) + 6H20 (I)

In base: Cr(OH)s (s) + OH- (aq) <> Cr(OH)s (aq) [20]

Other commonly encountered cations that form amphoteric hydroxides are: AR+, Zn2+, Pb2+, Sn* and Shé* .
This means that at higher pH after addition of aqueous NaOH, Cr® forms. The precipitate dissolves on
addition of excess aqueous NaOH, yielding the Cr(OH)4 ion (chromite) which gave a deep green color. In
Figure 5 where the pH is varied it is clear that the uptake is very large in comparison to the uptake
measured in the kinetic plot and in the temperature plot. This can be explained by the formation of the
Cr(OH)s which precipitates as a solid. The Cr3+ indeed is not in solution anymore so it seems that the
polyamine has adsorbed a large amount of cation. In the pH plot it is assumed that all results except at pH =
3, the results are corrupted by Cr(OH)s precipitation.

At all high temperatures the Cr3+ uptake is similar to the uptake at 40 minutes stirring as can be seen in
Figure 5. With increasing temperature the uptake remains constant.
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Figure 5: Uptake of Cr(III) ions by PK70 1,2-DAP as function of residence time, pH and temperature
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3.1.2. Cobalt

As can be seen in Figure 6, the uptake of Co?* ions by the polyamine is almost constant at different
residence times. After 40 minutes £1 mmol Co is adsorbed on the resin. That the uptake is constant means
that the Co?* cation has a relatively strong affinity for complex forming to the free amines of the polymer as
the cation immediately attaches to the polymer. At low pH (3, 5 and 7) no influence at the Co?* ion is
observed, it shows the same uptake as the initial pH of 5,5. At pH values higher than 7, a precipitation of a
salt is observed. This is Co(OH).. The Co?* ion disappears from the solution and becomes a solid. The
following reaction takes place:

Co?* (aqg) + 20H- (ag) — Co(OH). (s)

The higher uptake at pH 8 is a result of this reaction. The Co?* did not attach to the polyamine but reacted
and precipitated. As can be seen in the next figures of Fe3+ and Ni2+, cobalt shows the same behavior.
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Figure 6: Uptake of Co(II) ions by PK70 1,2-DAP as function of residence time, pH and temperature

3.1.3. Iron

In Figure 7 it is clear that after 40 minutes of stirring almost a similar amount of Fe(lll) is adsorbed by the
polyamine as after 10 minutes stirring. The Fe(lll) cation seems to have a strong affinity for complex forming
to the free amines of the polymer. The influence of high temperature is almost nonexistent according to
Figure 7. The cation uptake remains constant after increase in temperature and is the same as the amount
adsorbed after 40 minutes at room temperature. The increase in uptake at 80°C cannot yet be explained
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because at higher temperatures desorption of the metal is expected. Perhaps a reaction has taken place
between Fe and free amine groups released as result of high temperature.

When aqueous NaOH was added to Fe(lll) the following reaction immediately occurs:

Fe’+ (aq) + 30H- (ag) — Fe(OH)s (s)

Fe(OH); is a basic hydroxide and dissolves in strong acid but not in a strong base. In the experiments with
the dependence of pH, it was rather impossible to create the iron(lll)nitrate with a pH value higher than 2.
This can be explained by the very low solubility product (Ks) of Fe(OH)s. Addition of base to iron(lll)
precipitates a gelatinous red-brown hydrous oxide. Therefore no experiments with values higher than pH 2
were carried out.

10 10
T=293K Time = 40 minutes
pH =2 pH =2
o Ratio = 1:1 8 Ratio = 1:1
£ £
[%2] 2]
9_) 6 9_) 6
o o
(0] (0]
w44 w44
© ©
€ €
€ €
24 24
0 — 0 ; ; ; ; ;
10 20 30 40 30 40 50 60 70 80
Time (minutes) Temperature (C)

Figure 7: Uptake of Fe(III) ions by PK70 1,2-DAP as function of residence time and temperature

3.1.4.  Nickel

Adsorbing Ni2+ from a aqueous solution depending of time results in a constant uptake displayed in Figure 8.
Just like Fe(lll) the uptake after 10 minutes of stirring results in the same amount of adsorbed Ni cations
after 40 minutes. It can be concluded that the Ni>+ has a high affinity for adsorbing to the polyamine just like
Co?* Fed.

Also nickel acts as a Lewis acid in water resulting in a low pH. At pH values of 5 and 7 the uptake is similar
to the initial pH of 3. Therefore it can be concluded that pH has no significant influence on uptake properties
of Niz+ by the polyamine. At higher pH the same problem with Fe(lll) occurs, formation of Ni(OH), does not
solubilize in a strong basic environment.

The temperature seems to have a significant effect on the uptake of Niz which can be seen Figure 8. At
higher temperature, even at 35°C, the uptake decreases drastically. This is probably a result of the
coordinate covalent bond between the metal ion and the free electron pair of the nitrogen in the amine group
that breaks as a result of higher temperature.
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Figure 8: Uptake of Ni ions by PK70 1,2-DAP as function of the residence time, pH and temperature

3.1.5.  Copper

The uptake of Cu?* ions by the polymer as a function of residence time is completely constant. The copper
ions are immediately attached to the primary amine side groups of the polymer. The complex formation is
instantaneous just like Co?, Fe3 and Ni2+. This is concluded from Figure 9. Also copper(ll)hydroxide is
mildly amphoteric because an excess of aqueous ammonium yields the dark blue complex ion Cu(NHs)42+.
The addition of base to a solution of a Cu?* salt gives a blue precipitate of copper(ll) hydroxide.

The reaction taking place is: Cu?* (aq) + 20H- (aq) — Cu(OH), (s). At pH values higher than 5, the influence
of the Cu(OH). is too big so this results were deleted from the results, see Figure 9. The Cu2+ uptake is
decreasing with increasing temperature just like Ni2+. Just like Ni2+ this behavior is probably a result of the
coordinate covalent bond between the metal ion and the free electron pair of the nitrogen in the amine group
that breaks as a result of higher temperature.
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Figure 9: Uptake of Cu ions by PK70 1,2-DAP as function of residence time and temperature
3.1.6.  Mercury
A change in kinetic and temperature dependence is not present. This indicates that the complex that is

formed immediately takes place. After the bonding between the mercury atom and the free electron pair on
the nitrogen atom takes place no change of uptake is created by an increase in temperature. See Figure 10.
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Figure 10: Uptake of Hg ions by PK70 1,2-DAP as function of residence time and temperature

3.1.7.  Silver

In contrast with Fe3+, Nizr, Cuz+ and Co?* the silver cation in solution keeps being adsorbed by the polyamine
with increasing residence time. It shows just like Cr3+ a continuous uptake after 40 minutes of contact with
the polyamine as seen in Figure 11. It is expected that the uptake will rise even further after 60 minutes.

In acidic and in basic environment different reactions with silver occur. In acidic environment at pH = 3, after
adding drops of 1M HCI a white precipitation turns up indicating the following reaction has taken place:

Agt (aq) + ClI (aq) — AgCl (s). For this reason HNO3 was used to decrease the pH of the silver solution.

At pH values above 5 a brown precipitation was observed. The reaction that takes place in a basic
environment after adding 1M NaOH is: Ag* (aq) + OH- (ag) — AgOH (s) is immediately followed by: 2AgOH
(s) — Ag20 (s) + H0.
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The pH in a silver solution has a big influence on the results of the uptake by the polyamine. Like in all other
metals the precipitation in the basic environment contributes to the disappearance of Ag+ (aq) from the
solution.

The relatively high uptake of Ag+ cations is followed by a drastic decrease at 80°C. This is probably a result
of the coordinate covalent bond between the metal ion and the free electron pair of the nitrogen in the amine
group that breaks as a result of higher temperature. The same behavior is seen with Cu2+ and Ni2. This
effect is started at 35°C with these two other metals, where for Ag* only at 80°C this behavior is seen.
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Figure 11: Uptake of Ag ions by PK70 1,2-DAP as function of residence time

3.2 Comparison with literature

Figures 5-11 show the uptake in mmol/g resin of Cr, Co, Fe, Ni, Cu, Hg and Ag as a function of resp.
residence time, pH and temperature. Figures 12 and 13 show the percentage of total amount of the metals
in solution adsorbed by the PK30-1,2-DAP. To compare the results obtained by PK30-1,2DAP polymers
with similar side groups have to be found. Polyethyleneimine (PEI) posses primary, secondary and tertiary
amine groups. This polymer differs from PK30-1,2DAP at its reactive nitrogen atoms, the (secondary)
nitrogen atoms are part of the backbone of the polymer. In the branched PEI there is also a side chain with
a primary nitrogen atom and tertiary amine groups in the backbone. PEl is a commonly used polymer for
chelating metals and has 2 appearances: linear and branched (LPEI and BPEI). The PEI often acts as a film
applied to a carrier such as biomass [21][22] and silica gel [23]. All comparisons are made with PEI grafted
onto a carrier. The carrier is chemically modified by PEI and is available for adsorption of heavy metals
solubilized in water. Next to PEI, polyvinyl amine (PVam) is also a well established polymer used for metal
scavenging from aqueous solutions as a result of its chelating properties. PVam is comparable to PK30-
1,2DAP and PEI due to the presence of primary amino groups as a side group. H. Tbal et al. (1992) used N-
vinyl t-butylcarbamate (NVTBC precursor of vinylamine), which is the main component and styrene, methyl
methacrylate or methacrylic acid act as copolymer. Divinylbenzene or ethylene glycol dimethacrylate were
used as crosslinking agents.

For a distinct overview of the differences between PK30-1,2DAP and the following polymers that are being
used for adsorbing heavy metals from solution, see Appendix B where the main details are summarized.

Figure 12 shows the effect of the contact time on the metal ion uptake of the resin PK30-1,2DAP that was
cross linked by heat curing for the Cr3+, Co?t, Fe3*, Ni2+, Cu?+, Hg?* and Ag* cations by the batch procedure.
The results demonstrated a relatively high uptake for Cr3+, Ni2+, Cu?* and Ag*. Uptake of Co?*, Fe3+ and Hg?*
stayed low during the maximum contact time of 40 minutes. Due to errors in measuring techniques the
results of Co?, Fe3+, Nizr, Cu2+ and Hg?* are considered not to change significantly and stay the same
during different contact times which indicates that the complex formation is stable directly after the resin and
metal ion get into contact. This is beneficial with regards to the continuous column application in which the
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contact time will be significantly lower. Cr* and Ag* seem to need more time to reach their maximum
capacity which is less favorable for use in a fixed column.

Figure 13 shows the metal ion uptake behavior of PK30-1,2DAP at different temperatures. The uptake of all
metals is influenced by higher temperature. Only Cr3* and Co?* reach higher uptakes at higher
temperatures, all other metals perform worse at higher temperature. Cu?+ is firstly adsorbed at temperatures
lower than 35°C but is desorbed as the temperature rises above 35°C. Ag+ has a desorption temperature
between 70°C and 80°C. Complete results are available in Appendix A. Results of the experiments at
different pH values are also given in Appendix A. There were not enough representative results for a plot
that is similar to Figure 10 and 11. The reason that at different pH values no data is generated is caused by
the adding of sodium hydroxide. Most metals precipitate at higher pH values as a hydroxide salt, the
amphoteric character of some metals is also a reason that working at pH values other than the initial pH can
be difficult.
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Figure 12: Kinetics results of batch experiments in column diagram
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K. Yamada et al. (2006) uses chelating membranes by bonding linear and branched PEI on glycidyl
methacrylate (GMA) photografted porous polyethylene (pPE) (pPE-g-PGMA) films. The adsorption
properties of LPEI-(pPE-g-PGMA) and BPEI-(pPE-g-PGMA) films to Cu2+ ions can be compared to the
adsorption results made by PK30-1,2-DAP. The initial concentration of the CuCl» solution was 1 mmol/L.
The highest adsorption reached with the experiment at different pH was an uptake of 0,0145 mmol/g at pH =
5and T = 30°C for 220K-LPEI (M, 220K-LPEI = 2,2.10%). The highest adsorption reached with the
experiment at different temperature was an uptake of 0,0285 mmol/g at T = 50°C for 220K-LPEI. Our
polymer PK30-1,2DAP reached at pH = 3 an uptake of 3,07 mmol/g. At pH = 5 there are no results available.
At T = 50°C an uptake of 1,14 mmol/g was reported. Nevertheless there is a big difference in performance
between the polymers. A result is that PK30-1,2DAP adsorbs + 1000 times more than BPEI and more than
400 times more than 220K-LPEI at pH = 3 in spite of a higher initial concentration of Cu?* cations and a
slightly higher temperature. See Appendix B (d).
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Figure 14: Left: Comparison with temperature dependance of BPEI, 220K-LPEI and PK30-1,2DAP
Right: Comparison with pH dependence between the 3 polyamines

27



At T = 50°C, PK30-1,2DAP adsorbs x 70 times more than BPEI and 40 times more than 220K-LPEI in spite
of a higher initial concentration of Cu?* cations and a higher pH. See Appendix B (). Unknown is the
contact time used by K. Yamada et al. (2006), so it is difficult to make a good comparison between the
PK30-1,2DAP and BPEI/220K-LPEI as Cu?+ probably reaches a maximum capacity longer than 40 minutes.
It is not known if this principle holds for polyadsorbents other than PK30-1,2DAP. The relatively low Cu2+ ion
adsorption of the branched PEI is considered to be due to its higher density of tertiary amino groups. The
presence of tertiary amino groups is considered to have an negative effect on adsorption of metal ions. In
addition to this, primary amino groups are considered to bond better than secondary amino groups. This is
considered the main reason PK30-1,2DAP performs better than LPEI and BPEI. This is confirmed by the
results seen in Figure 20. Parallel to the influences of the different amino groups the influence of higher
initial metal concentration, which is considered to have a positive effect on uptake properties due to a higher
availability of metal ions to bonding sites on the polymer, turns out to be less qualifying. An additional
reason that LPEI and BPEI adsorb less than PK30-1,2DAP can be found in the available amino groups. The
amino group equivalent for PK30-1,2DAP is 4,16 mmol/g, K. Yamada et al. (2006) uses an amino/epoxy
ratio between 0 and 1,2. There are more available amino groups in PK30-1,2DAP than there are for LPEI
and BPEI.

The difference in ratio of mmol metal bonded/mmol amino groups in the polyamine can explain if the
difference between primary secondary and tertiary amino groups are responsible for different metal uptake.
In the temperature dependent comparison in Figure 14 for PK30-1,2DAP this ratio is 8,66 and for 220K-
LPEI this ratio is 0,66. This means that PK30-1,2DAP bonds way more copper than 220K-LPEI indicating
that primary amino side groups have a big positive influence on uptake properties in comparison with
secondary amino groups.
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Schematic representation of PEI-(pPE-g-PGMA) film
Source: K. Yamada et al. (2006)

S. Deng et al. (2005) used the biomass of Penicillium chrysogenum as a PEl-surface modified biosorbent
crosslinked with glutaraldehyde to produce an enhanced polymer with adsorption capacity for heavy metal
ions. The cross linked PEI was chemically bonded on the biomass surface through the amine and
carboxylate groups on the pristine biomass. The adsorption properties of the PEI cross linked biomass can
be compared to the adsorption results made by PK30-1,2DAP. Cu?+ and Niz+ were adsorbed from a solution
with an initial concentration of 1,574 mmol/L and 1,704 mmol/L resp.

The highest Cu?+ uptake reached by the enhanced biomass was 1,164 mmol/g after 300 minutes, and for
Ni2+ this was 0,477 mmol/g also after 300 minutes. In the experiment where the pH is modified, maximum
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uptake was 0,959 mmol/g for Cu?* at pH = 6,5 and 0,511 mmol/g for Ni2+ at pH = 6 both with a contact time
of 360 minutes.

PK30-1,2DAP has a maximum stirring time of 40 minutes and reached an uptake of 0,73 mmol/g Cu?+ after
30 minutes and 0,75 mmol/g Niz+ after 40 minutes. At pH = 3 for Cu?* an uptake of 3,07 mmol/g was
reached against 0,566 mmol/g reached by the PEI cross linked biomass. At pH = 5 for Ni2+ an uptake of
0,86 mmol/g was reached by PK30-1,2DAP where the PEI cross linked biomass only got to 0,494 mmol/g.
Compared to the PK30-1,2DAP, the enhanced biomass adsorbs + 20% more Cu?* ions and roughly 7 times
less Ni2+ ions at 30 minutes of contact time. See Appendix B (a) and (b). In spite of a higher initial
concentration, the same pH and the same temperature, Ni2* is way harder adsorbed by the biomass in
comparison with PK30-1,2DAP. More Cu? ions are adsorbed by the biomass than PK30-1,2DAP at 30
minutes of stirring but has a higher pH, a higher initial concentration and a slightly higher temperature. Also
comparisons with varying pH can be made for Cu?+ and Ni2+. PK30-1,2DAP reaches a Ni* uptake that is + 2
times more than the PEI biomass at pH = 5, even with lower initial concentration and less contact time. See
Appendix B (c). 5 times more Cu?* is adsorbed by PK30-1,2DAP in spite of lower contact time, initial
concentration and a slightly lower temperature. See Appendix B (d).
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Figure 15: Left: Comparison of kinetics between PEI-biomass and PK30-1,2DAP for copper and nickel ions

Right: Comparison of pH between PEI-biomass and PK30-1,2DAP for copper and nickel ions

The relatively big differences of uptake properties between Cu2* ions and Ni¢+ are complicated and may be
explained by differences in solubility of their hydroxides, their charge (in this case both divalent), their
surface complexation, their hydration energies, their ionic and hydrated ionic radius cited by Lu et al. (2004)
and S. Deng et al. (2006). Just like the BPEI and LPEI used by K. Yamada et al. (2006) the influence of
tertiary and secondary amino groups is quite big. The uptake properties are significantly influenced.

The difference in ratio of mmol copper bonded/mmol amino groups in the polyamine is 23,3 for PK30-
1,2DAP against 13,1 for PEI biomass in the pH experiment. For nickel and copper experiments in Figure 15
PEI biomass bonds less metal per available amino group indicating primary amino groups bond better than
secondary amino groups.

M. Ghoul et al. (2003). used two types of organo-mineral sorbents (silica) and were prepared according to
an ecological and simple way by using water or alcohol as a solvent. First a PEI polymer is coated onto
silica, then in a second step PEI is fastened onto silica via crosslinking with glutaraldehyde, in order to
prevent desorption during acid metal recovery. The adsorption properties of the PEI coated silica can be
compared to the adsorption results made by PK30-1,2DAP. Ni2+ cations were adsorbed from a solution with
an initial concentration of 1,704 mmol/L.
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Figure 16: Left: Comparison of kinetics between Silica PEI and PK30-1,2DAP for nickel ions
Right: Comparison of pH between Silica PEI and PK30-1,2DAP for nickel ions

The highest Ni2+ uptake that was reached with the cross linked PEI coated silica was 0,239 mmol/g after
300 minutes of stirring. Maximum uptake of Ni2* ions in the experiment where pH is varied was 0,17 mmol/g
at pH = 7 with a stirring time of 120 minutes.

PK30-1,2DAP has a maximum stirring time of 40 minutes and reaches an Ni?+ uptake of 0,75 mmol/g, the
cross linked PEI coated silica reached an Ni?+ uptake of 0,119 mmol/g after 30 minutes of stirring and 0,153
mmol/g after 40 minutes. At pH = 7 no data is available for the PK30-1,2DAP but at pH = 5 with 40 minutes
of stirring an uptake of Ni2+ reached 0,86 mmol/g. The crosslinked PEI coated silica adsorbed 0,051 mmol/g
at pH = 5. Compared to PK30-1,2DAP the coated silica adsorbs roughly 7 times less Ni+ ions in the
experiment with varying contact time in spite of a higher initial concentration. See Appendix B (a). With
varying pH the PK30-1,2DAP also performs better: roughly 17 times more Ni2+ions are adsorbed at pH = 5,
initial concentration and contact time are still smaller than was used in the experiments of the coated silica.
See Appendix B (c).

The ratio of mmol nickel bonded/mmol amino groups in the polyamine is for PK30-1,2DAP 5,7 and for PEI
coated silica 2,8. The kinetic comparison in Figure 16 for PK30-1,2DAP indicates that PK30-1,2DAP bonds
more nickel than PEI coated silica and primary amino side groups have a positive influence on uptake
properties in comparison with secondary amino groups.

H. Tbal et al. (1992) uses more than 1 monomer but possesses an amine group that is able to act as a
ligand for solubilized metal ions. The methacrylic acid provides a second chelating group in the form of a —
COOH group which makes use of the free electron pair on the oxygen atoms. The codes used in Appendix
B (f),(g) and (h) refer to the percentual amounts of NVTBC, styrene or methyl methacrylate/methacrylic acid
and amount of used cross linker. All comparable data of H. Tbal et al. (1992) are given in Appendix B (f),(g)
and (h).

At initial pH the highest values of Cu?* ions to the vinyl amine are 1,02 mmol/g for GD70205 and 0,64
mmol/g for GD6002. PK30-1,2DAP reaches an uptake of 3,01 mmol/g with a initial pH of 3 and Cu?*
concentration of 0,63 mmol. The stirring time was kept at 40 minutes. The difference in uptake between the
PK30-1,2DAP and the polyvinyl amine used by H. Thal et al. (1992) probably originates from the fact that
the initial metal concentration used by is 10 mmol/L, where we used 0,63 mmol/L. A second reason the
PVam reaches a lower Cu?+ uptake than PK30-1,2DAP can be found in the fact that the ~COOH group in
one of the copolymers negatively affects the removal of metal ions from solution. The presence of
secondary and tertiary amines affect the metal chelating properties significantly. This is validated by the
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result seen in PEI uptake and PVam uptake. The GD70205 and G6002 have an amine meq. of 4,29 and
3,95 per gram resin respectively. It is remarkable that they have a lower metal uptake while they have a
similar amine availability.

The difference in ratio of mmol copper bonded/mmol amino groups in the polyamine also holds for the
comparison between PVam and PK30-1,2DAP. For PK30-1,2DAP this ratio is 22,9, for GD70205 the ratio is
4,2 and for GD6002 the ratio is 6,2. An explanation for the relatively big difference is unknown regarding
PVam has chelating primary amino groups just like PK30-1,2DAP.
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Figure 17: Comparison of kinetics between PVam derivatives and PK30-1,2DAP for copper ions
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3.3 Selectivity

To examine the selectivity of the PK30-1,2DAP towards some of the metals a selectivity experiment has
been done. In the mixture of four metals (Cu, Cr, Ni and Ag) the PK30-1,2DAP clearly has a relatively high
affinity for silver and copper. Chromium is not adsorbed by the polymer. See Figure 18.

The results obtained in this experiment can be explained by the values of formation constants belonging to
the four metals with NHs molecules as ligands. Premising -NH, side groups of the polymer act in a similar
way the NH; molecules do, this theory can be applied. The Irving-Williams series predict the relative stability
of octahedral complexes formed by a central transition metal ion. First of all if an electron is added to a d-
orbital when moving from left to right in the periodic table, the nuclear charge rises because electrons in the
d-orbital do not shield each other very well as a result of the diffuse character of d-orbitals. This means that
the attractions for the electrons in the dative bond increase, resulting in a shorter and thus stronger bond.
Next to this the ionic radius of the ions in the transition row decreases from left to right in the periodic table,
the stabilization of its complexes increase as a result of shorter bonds. One of the most important factors
that affect the stability of the complex is the charge/radius ratio or the polarizing effect [25]. The sudden
decline in the plot in Appendix D at Zn?* is a result of a relatively big increase in ionic radius with regard to
Cu?+. Not only the electronic structure of the metal ion has influence on complex stability, also the Ligand
Field Stabilization Effect (LFSE) affects the stability of a metal complex. The ionic radius theory and the
LFSE predict a maximum complex stability of Niz+ complexes instead of Cu2+ complexes. This irregularity is
a result of the stabilizing effect of the Jahn-Teller effect. The tetragonal distorted Cu?* complex has stronger
binding of the four ligands in the plane as a result. This typical pattern seen in Cu?* complexes is build up of
four short bonds and two trans bonds that are longer expressed as a tetragonal distortion. The Jahn-Teller
distortion is possible because the ninth electron in copper is placed in one of the ey orbitals to produce an
asymmetric electron population. Ni2+ has a symmetric electron population in the eq orbitals (one electron in
each orbital) so no distortion is created. Cu? complexes almost always have four short bonds and two long
bonds or have two short bonds and four long bonds yielding shorter and stronger dative bonds [26].

This explains why copper has bonded more to the PK30-1,2DAP than nickel and chromium. The reason that
silver has a higher uptake than the other metals according to this theory may be originated from the fact that
copper, nickel and chromium are considered hard acids, and silver a soft acid just like Hg and Hgz?".
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Figure 18: Uptake of Cu, Cr, Ni and Ag in selectivity experiment
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34. Primary, secondary and tertiary amine groups

The polyamines in this experiment were cross linked by 1,6-hexanediamine instead of being cross linked by
temperature curing. The 3 polyamines synthesized proofed to be highly temperature sensitive. PK30 1,2-
DAP had to be made in solution because the temperature in the Paal Knorr reaction (110°C) already cross
linked the polymer in the reactor prior to the 1,6-hexanediamine anchoring. In addition to this the crosslink
was not able to withstand temperatures higher than 50°C. The polymer was dissolved in the warm metal
solution. Theoretically the pyrrole conversion is 70%, after elemental analysis the used PK30-1,2DAP and
PK30-2DAEA proofed to have resp. 65,8% and 62,9% conversion. The PK30 2-DAEA showed the same
behavior at temperatures above 50°C but did not need to be synthesized in solution but could be made
directly by the conventional Paal Knorr reaction. This temperature sensitivity implies that the side group
(primary, secondary or tertiary) has no influence in solubility of the polyamine in water.

Next to this is was not possible to synthesize the polyamine with the secondary and tertiary amine (middle
molecule in chapter 2.4) with the given Paal Knorr reaction procedure with a 70% pyrrole conversion,
crosslinking it with 1,6-hexanediamine was not possible in a controlled manner.

What strikes the most in Figure 19 in comparison with the results made by PK30-1,2DAP cross linked by
temperature curing in Figure 13 is that for nickel the uptake increases significantly while the temperature
cured polyamine showed no change between 35°C and 50°C. For copper an increase from 42,1% to 63,2%
against a decrease from 84,4% to 31,4% is remarkable. Silver too is showing a different uptake: the
temperature cured polyamine shows a decrease in uptake from 84,1% to 79,2% against an increase in
uptake for the 1,6-hexanediamine cross linked version: from 45,1% to 57,4%.
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Figure 19: Uptake properties of PK30-1,2DAP crosslinked in 2 different manners at 35 °Cand 50 °C

The PK30-2DAEA crosslinked with 1,6-hexanediamine shows a smaller increase in uptake than PK30-
1,2DAP, it goes from 10,5% to 15,5%. Copper shows no increase in uptake while PK30-1,2DAP increases
significantly. The uptake of silver even shows a small decrease from 15,3% to 12,9% while the uptake of
silver by PK30-1,2DAP is increased.
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Figure 20: Uptake of Ni, Cu and Ag by PK30 1,2-DAP 70% and PK30-2-DAEA 70% theoretical conversion and
crosslinked by 1,6-hexanediamine

3.5. Column experiments

The lab scale column experiments were carried out at 3 different flow rates of 3,9 mL/min, 10 mL/min and
17 mL/min resp. and a Cu?* influent concentration of 0,16 mmol/L. Another experiment with double the
packing amount was done at a flow rate of 17 mL/min to examine the effect of varying packing amount. The
breakthrough curves and their fittings with two different models are given in Figure 21 (no model) and 22
(BDST and Thomas model). By plotting a linear fitting equation (3) as a function of time, the adsorption rate
constant K (L/(mmol min)), adsorption capacity No (mmol/L), Thomas rate constant kr» (mL/(mmol min)) and
Cu?+ ion uptake per gram resin go (mmol/g) can be calculated. These linear fittings are given in Appendix C.
In (3) A is the intercept and B is the slope of the linear fittings and have per model and per flow rate different
values. The constants above are obtained by the following calculations:

B A-u B A-
K=" Ny=—— ky="—"——,q, = C (4)
C, K-h 0,001-C, ky, -m
In which the linear flow rate u (cm/min) and bed depth of fixed bed h (cm) were obtained from:
Q-4

u= 5 -0,001 (packing fraction = 0,3 and V = 12503,539 mm¢) (5)
(1= packingfraction) -7 -d~ -10
_ 4 packingfraction -V
w-d’
All parameters and obtained constants of the column experiments are given in Table 2 and 3. The BDST
and Thomas fittings of Figure 22 are obtained from equation (1) and (2), these two equations are rewritten
into the concerted equation in which the corresponding values of A and B need to be inserted:

h 0,1 (6)

g =(+exp(A+B-1)" (7)

CO

During the experiments it was observed that the column did not capture all Cu?+ ions in the first stage of the
experiments. This is very unusual according to known literature [6, 7, 21, 22, 23, 27]. This phenomena is
believed to be a result of measuring errors. This phenomena is not yet explained but therefore had to be
normalized to fit the two models in a proper way. This normalized curves and model fittings are depicted in
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Figure 22. The bumpy pathway of all breakthrough curves are believed to be due to gradual alteration of the
flow rate. This can be explained by slow declining of the influent level in the influent tank which has a
volume of 10L. As a result of continuously decreasing liquid pressure on the inlet of the pump, the suction
head of the pump gradually drops resulting in a altering flow rate. As soon as the influent tank is refilled
again the pressure is back at its keynote. Because flow rate has a major influence on the adsorption, the
breakthrough curves do not have a sound S-shape but are a little edgy. The leaking of Cu?* ions at the start
of the experiments and the fluctuation in flow rate are the reason the accuracy is not optimal reflecting in
relatively low R2 values.

In Figure 21 the effect of influent flow rate is well visible. By increasing the flow rate the breakthrough curve
shifts from right to left. The contact time between the Cu2+ ions and the PK30-1,2DAP decreases as the flow
rate increases. When we consider the normalized curves in Figure 22, the time to reach breakthrough ty
decreases with increase in flow rate. The reason that this effect is taking place can be explained by
decrease in residence time of the Cu2+ ions in the fixed bed as the flow rate increases. Next to this, as the
flow rate increases, the slope of the breakthrough curve becomes sharper. This can be explained by a
higher intraparticle diffusion effect and a smaller transfer zone at higher flow rates [6]. In the left and right
pictures of Figure 21 the difference between bed depth is made clear. It indicates that at increasing bed
depth the exhaust time (effluent concentration reaches + 90% of the influent concentration) increases. This
phenomenon can be explained by an increase in available binding sites in the column. Conversely a higher
bed depth creates more contact time between the PK30-1,2DAP and the metal ions resulting in a higher

removal efficiency.
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Figure 21: Breakthrough curves of
left: Cu**with 1,9 g PK30 1,2DAP packing and different flow rates right: 3,8 g packing at 17 mL/min

Appendix E displays data and model parameters of comparable literature about fixed bed columns used for
adsorbing heavy metals from solution. In [6] PEI impregnated palm shell activated carbon is used as a
media for the removal of Cu2* ions from aqueous solution by means of a fixed bed. In [7] a composite
adsorbent, iron oxide coated zeolite (I0CZ) was used in a fixed bed for Cu2+ removal. In [27] the fixed bed
was packed with glutaraldehyde cross-linked chitosan beads.
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BDST | C, h u K Ny Q m(g) | R? Table 2: BDST
(mmol/L) | (cm) | (cm/min) | (L/mmol*min) | (mmol/L) | (mL/min) gl)ggga;fmfs
39 |o0,1324 [4,776 | 7,093 0,008005 858,0 3,9 1,926 | 0,95846 | temperature.
10 0,1324 | 4,776 | 18,189 | 0,009139 19970 | 10 1,926 | 0,88294 | ™ot
17 0,1485 | 4,776 | 30,912 | 0,007403 3623,6 17 1,926 | 0,88225
Thomas | C, h u Kth qo Q m (g) R2 Table 3: Thomas
(mmol/L) | (cm) (cm/min) | (mL/mmol*min) | (mmol/g) | (mL/min) model
- parameters for
3,9 0,1324 | 4,776 | 7,093 8,9121 1,0165 | 3,9 1,926 | 0,97782 | Ponimt o
10 0,1324 | 4,776 | 18,189 | 11,7066 2,12511 | 10 1,926 | 0,88287 | mmitutott
17 0,1485 | 4,776 | 30,912 | 9,6242 3,8004 | 17 1,926 | 0,88225

The differences in performance between PK30-1,2DAP and the PEI impregnated palm shell activated
carbon are visible through four parameters: adsorption rate constant K (L/(mmol min)), adsorption capacity
No (mmol/L), Thomas rate constant krn (mL/(mmol min)) and Cu?* ion uptake per gram resin go (mmol/g). It
is strange that the values of N and o do not follow the same decreasing trend as the flow rate increases,
just like PEI impregnated AC. The increase of K and kn after increase of flow rate similarly shows unusual
behavior. The reason this unusual behavior is exhibited is unknown.

If we compare PK30-1,2DAP with PEIl impregnated palm shell AC we see that all values of K and kr, are
lower. Conversely all values of No and qo are considerably higher than those reached by PEI impregnated
palm shell AC. The reason this behavior is exhibited is unknown. The breakthrough point t, is defined as the
point when the effluent concentration is approximately 5% of the starting concentration [6]. Normalized
values of the breakthrough curves display a t, of 1100, 400 and 200 min for Q = 3,9, 10 and 17 mL/min
resp. where C.Y. Yin et al. (2009) has t, values of 1440, 600 and 400 mL/min for Q =5, 10, 15 mL/min
resp.. Just as can be seen in the batch experiments, the uptake of copper by PK30-1,2DAP is higher than
examined literature.
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Figure 22: Normalized breakthrough curves fitted with the Thomas model (red) and the BDST model (blue)
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4, Conclusions

The PK30-1,2DAP as an adsorbent is very useful for the removal of transition metal ions from dilute
aqueous solutions. Batch and semi continuous experiments have proven that many types of metals can be
separated by the Paal Knorr modified PolyKetone. A primary amine group attached to the pyrrole ring in the
backbone is responsible for this adsorbing quality.

In the batch experiments with heat cross linked polyamine, the resin displayed a relatively high uptake of
Cu?+, Niz, Ag+ and Cr3+, Stable complex formation was realized by Cu?+, Ni2*, Fe¥, Co? and Hg?.
Temperature has a major effect on metal adsorbing properties. Cr3+ and Co?* have desorption temperatures
above 80°C, all other metals desorb at relatively low temperatures. Cu?* for example is desorbed at
temperatures above 35°C and Ag+ desorbs between 70 and 80°C. pH also has a major influence on
performance of the polyamine. Formation of hydroxide salts that are poorly soluble obscure results above
pH =5.

Compared with other polyamines like PEI and PVam, PK30-1,2DAP’s overall performing may be considered
superior. PK30-1,2DAP adsorbes roughly 1000 times more than BPEI and more than 400 times more than
220K-LPEI used by K. Yamada et al. (2006). The PEI enhanced biomass used by S. Deng et al. (2005)
adsorbs + 20% more Cu?+ cations and 27 times less Ni2+ cations at 30 minutes contact time. It should be
mentioned that the conditions for this polyamine were more favorable than PK30-1,2DAP had. The PEI
coated silica used by M. Ghoul et al. (2003) adsorbs more than 20 times less Ni2+ cations in the kinetic test
and roughly 60 times less Ni+ cations in the pH dependent experiment.

According to the Irving-Williams theorem Cu?+ is better adsorbed by PK30-1,2DAP than Ni2+ is. Ni¢+is more
easily adsorbed than Cr3+. This is confirmed by Figure 18.

To test if PK30-1,2DAP could also be cross linked by a cross linking agent like 1,6-hexanediamine and if it
would reach the same results a new polyamine was synthesized. Next to this non-heat cross linked PK30-
1,2DAP with a primary amino group, also a polymer with tertiary amino groups was made. A pyrrole
conversion of 65,8% and 62,9% of PK30-1,2DAP and PK30-2DAEA were obtained resp. instead of the
theoretical value of 70%. These polyamines proved to be very temperature sensitive: they dissolve at
temperatures above 50°C. The PK30-1,2DAP cross linked by 1,6-hexanediamine has an optimum uptake at
50°C where the PK30-2DAEA cross linked with 1,6-hexanediamine doesn’t have an optimum and remains
constant at both 35°C and 50°C. Copper uptake isn't affected by the tertiary amine bond in PK30-2DAEA,
Ag+ and Ni? cations do experience diminishing effects created by steric hindrance of two methyl groups in
the tertiary nitrogen.

In the column experiments oozing of the copper cations is reported. The flow rate through the column
proved to be very influential on performance. The influent fluid level appeared to have a significant effect on
flow rate resulting in lower R2 values. The breakthrough curves shift from right to left on the time scale by
increasing flow rate. Also the breakthrough time t, decreases with increasing flow rate. Sharper slopes of
the breakthrough curves appear with increasing flow rates and an increasing bed depth increases the
exhaust time.
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5. Recommendations

To examine exact intraparticle and interparticle properties it is necessary to analyze porosity, pore size
distribution and surface area of the PK30-1,2DAP that was cross linked at a temperature of 120°C. These
textural characteristics can be determined by N. adsorption isotherm at 77 K. Next to these particle
properties that need to be examined, the coordination of each different metal need to be examined so
thermodynamic stability properties are available. It can be useful to know if the complex has a octahedral,
tetrahedral, squar planar or linear coordination.

In literature many experiments have been done at pH = 5, while in our experiments often a insoluble
metalhydroxide emerges making the results invalid. An outcome could be to use some sort of buffer that
controls the pH value without interference of insoluble hydroxides.

To make a complete comparison between primary, secondary and tertiary amino side groups attached to a
pyrrole ring in a polyketone backbone, it is necessary to synthesize a polymer with a secondary side group.
This has not yet been accomplished. Because the current Paal Knorr reaction preliminarily is not sufficient
enough to reach pyrrole conversions of 70% with tertiary and secondary amino side groups, some other
solution need to be found. Next to this problem the cross linking of the polyamine with 1,6-hexanediamine
needs to be optimized because it turns out that the anchoring is not as good as heat cured cross linking. A
result of this poor degree of cross linking is that the polyamines do not withstand temperatures above 50°C
very well.

The procedure for the conductivity measurements in the semi continuous experiments need to be optimized.
It is presumed that the leaking of the copper cations through the column is a result of apparatus inaccuracy.
To reduce the time needed for the breakthrough experiments a smaller column is recommended. Instead of
a week, only 1 or 2 days can be sufficient for one breakthrough curve to be obtained. A very important
extension of the study would be the regeneration of the used polyamine. By reusing the resin, agreements
with industrial scale adsorption columns become bigger.
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Appendix A

Contact time (min)

10 20 30 40
Metal | mmol/g % mmol/g % mmol/g % mmol/g %
ion
Cr* 2.27 22.5 3.52 34.9 4.07 40.4 4.96 49.2
Co™ 2.32 13.7 1.51 8.9 1.51 8.9 2.75 16.2
Fe’* 0.58 5.5 0.77 7.2 1.02 9.6 1.13 10.7
Ni** 3.26 50.8 2.85 44.3 2.75 42.8 2.60 40.4
Cu* 0.59 40.6 0.59 41.0 0.73 50.6 0.29 19.8
Hg™* 0.46 11.7 0.48 12.1 0.37 9.2 0.12 3.1
Ag’ 23.3 25.5 31.1 33.9 38.7 42.3 52.7 57.5
pH
3 5 7 9 11
Metal | mmol/g % | mmol/lg % | mmol/g % | mmol/g % | mmol/g %
ion
Ccr** 9.78 96.9 * * * * * * * *
Co™ 2.67 15.8 2.94 17.4 * * * * * *
Fe** * * * * * * * * * *
Ni** | 195 304 296 46.0 * * * * * *
Cu™ 3.07 85.0 * * * * * * * *
Temperature (°C)
35 50 60 70 80
Metal | mmol/g % | mmol/g % |mmol/g % | mmollg % | mmollg %
ion
Cr* 393 3891 5.11 507] 490 485] 554 549] 485 481
Co™* 28 169] 236 139] 333 19.6| 530 31.3] 545 322
Fe™* 1.45 137y 1.90 179] 200 189] 2.08 19.7] 4.88  46.1
Ni** 0.25 39 0.26 4.0 0.14 2.2 0.49 7.6 0.69 10.7
Cu** 305 8441 1.14 314)] 1.19 3301 0.65 18.1 1.13 313
Hg* 0.03 081] 0.26 6.6 040 10.1] 0.35 8.9 0.57 143
Agt | 77.01 84.1] 7254 792 7595 829 79.71 87.0] 4733 517

Table 4:
Kinetics results
of batch
experiments

Table 5: pH
results of batch
experiments

Table 6:
Temperature
results of batch
experimets
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Appendix B
(@

Time Ni2 PK30-1,2DAP PEI biomass Sil-PEI

t (minutes) 30 30 30

pH 5 55 55

Initial conc. (mmol/L) 0,63 1,704 1,704
T(°C) 22 24 22

Uptake (mmol/g) 2,75 0,102 0,119

(b)

Time Cu?+ PK30-1,2DAP PEI biomass

T (minutes) 30 30

pH 3 55

Initial conc. (mmol/L) 0,63 1,574

T(°C) 22 24

Uptake (mmol/g) 0,73 0,912

©)

pH Ni2+ PK30-1,2DAP PEI biomass Sil-PEI

t (minutes) 40 360 120

pH 5 5 5

Initial conc. (mmol/L) 0,63 1,704 1,704
T(°C) 22 24 22

Uptake (mmol/g) 2,96 0,494 0,051

(d

pH Cu? PK30-1,2DAP BPEI 220K-LPEI PEI biomass
t (minutes) 40 unknown unknown 360
pH 3 3 3 3
Initialconc. 0,63 1 1 1,574
(mmol/L)

T(°C) 22 30 30 24
Uptake (mmol/g) 3,07 0,003 0,0065 0,566
(e

Temperature Cu? PK30-1,2DAP BPEI 220K-LPEI
t (minutes) 40 unknown unknown
pH 5 5 5

Initial conc. (mmol/L) 0,63 1 1

T(°C) 50 50 50

Uptake (mmol/g) 1,14 0,0165 0,0285
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(f)

Sample NVITBC Sty DMG DVB Heptane VA Porous volume (VP] Specific area (S,P)
(%) (%) (%) (%) (%) (meq/g)  Before and after Before and after
solvolysis (cm® /g}  solvolysis (m* /g)
D10 10 60 1] 30 40 0.14 0.8 239
D30 30 40 0 30 40 0.41 0.8 359
D40 40 30 0 30 40 0.82 0.79 330
Dol 60 20 0 20 40 0.61 1.95 2,09 70 401
D80 BO 10 0 10 40 1.95 2 2,14 173 216
GD70205 T0 5 20 5 40 4.29 1.22 1.27 55 48
GD701010 70 10 10 10 40 2.35 1.86 1.67 128 163
G2001 20 50 30 0 50 <(0.01 237 60 7
G20 20 50 30 0 40 .16 1 1.15 39 37
G002 20 50 30 0 30 0.1 0.17 42 45
G2003 20 50 30 0 20 0L.05 0.04
G2004 20 60 20 0 40 0.05 0.2 55 44
G2005 20 50 n 1] 40 0.32 0.94 40 35
G40 40 30 30 0 40 0.85 0.29 0.43 35 42
Go001 60 10 3 0] 50 275 1.56 1.67 8.5 21
Gol 60 10 30 0 40 1.13 1.6 1.38 23 22
G6002 60 10 30 1] 30 395 0.53 0.8 46 a5
G6003 (1] 10 30 0 20 3133 0.22 012 43 17
Ga004 60 20 20 0 40 2.33 1.53 1.59 69 39
G6005 60 0 40 1] 40 2.95 1.57 1.25 25 16
GT0 70 ] 30 1] 40 158 1.49 1.32 28 16
9
Maximum capacities of the resins for Cu, Pb and Cd
Sample Specific Area Amine Capacity (meq of metal per g of dry resin)
(m®/g) (meq/g) Cu(ID) Pb(ID) Cd(In)
D10 014 < 0.08 0 0
D30 0.41 0.08 0 0
D40 0.82 0.17 0 0
Dad 401 06l 0.14 0012 0.009
D&0 216 1.95 0.52 0.007 0,009
GD70205 48 43 1.02 0.002 0.022
GD701010 163 235 0.68 0 0
G602 45 395 0.64 0 0
G6003 333 0.31 0 ]
Go004 44 233 0.22 0 1]
Go005 35 295 0.53 0.005 0004
G70 16 358 0.74 0.002 0.009
G 2001 to 2005 16=35 0-0.3 < 0.01 0 1]
(h)
Maximum capacities of the GM and GA resins for Cu,
Pb and Cd
Sample  Amine Capacity (meq metal per g
(meq/g)  of dry resin)
Cu(ll} PHID  Cd(ID)
GM40 1.53 0.1 0.m 0.009
GMB0 2.80 0.5 0.007 0,004
GA40 012 0.31 0.29 0.11
GAGD 0.17 0.21 0.020 0.10

Source: H. Thal et al. (1992)
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Appendix C
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Appendix D

Lo stability constant
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Source: Sigel, H.; McCormick, D. B. Acc. Chem. Res.(1970) 3, 201
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Appendix E

Activated carbon Metal ion Flow rate (mL{min) u (cm/min) Breakthrough time t, (min) K(Limmolmin) Np (mmoljL) R -values
Virgin Cu®* 5 1.591 110.5 0.0350 55,2979 0.9830
Ni2* 5 1.591 325 0.0221 38.3033 0.9030
B41 wtk PEIJAC Cu®* 5 1591 234 0.0120 118.3000 0.9804
Ni2* 5 1.591 52 0.0166 55.0566 0.8988
Cu®* 10 3183 54 0.0526 59.2781 09514
NiZ* 10 3.183 10.8 0.0327 43,8586 0.8611
Cu®* 15 4,774 23 0.0907 45,3530 09540
NiZ* 15 4774 46 0.0513 26.8768 0.8884
16.68 wt¥ PEIJAC Cu®* 5 1.591 143 0.0252 65.2177 0.9893
Ni2* 5 1.591 26 0.0198 37.6165 0.8515

BDST model parameters for fixed bed adsorption of Cu?* and Ni** on virgin and PEI-impregnated

Activated Carbon at 25°C.
Source: C.Y. Yin et al. (2009)

Activated carbon Metalion  Flow rate (mL{min) Breakthrough time, ty (min)  kp (mL{min mmol}) (ggJew (mmoljg)  (golexp (mmolfg) R?-values
Virgin Cu® 5 110.5 34.40 01231 0.1503 0.9830
Ni* 5 325 20.00 0.0824 0.1004 0.9030
841 wi¥ PEIJAC Cu® 5 234 11.80 0.2410 0.2974 0.9804
Ni* 5 52 14,90 0.1087 0.1274 0.8988
Cu® 10 54 51.70 0.1211 0.1293 0.9466
Ni2 10 10.8 28.20 0.0850 0.0919 0.8611
Cu® 15 23 B7.00 0.0919 0.1059 0.9555
Ni2 15 46 45,60 0.0503 0.0667 0.8884
16.68 wt¥ PEIJAC Cu® 5 143 24.30 0.1240 0.1505 0.9900
Ni* 5 26 16.80 0.0671 0.0806 0.8515

Thomas model parameters for fixed bed adsorption of Cu** and Ni** on virgin and PEI-impregnated

Activated Carbon at 25°C.
Source: C.Y. Yin et al. (2009)
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