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Summery 

 

Glycidyle methacrylate‐co-ethylene dimethcrylate-co- acryl amide 

monolithic column was manufactured as strong cation exchange column. A 

borosilicate tube (60 mm in length) with 1.5 mm, and 3.0 mm (i.d and o.d 

respectively) was used for insitu copolymerization using U.V light source. 

The polymerization mixture was prepared by mixing monomers (glycidyle 

metharcrylate and acryl amide) (GMA) and crosslinker (ethylene 

dimethacrylate) (EDMA) and initiator (2, 2-dimethoxy-2-phenyl 

acetophenone) (DMPA) was dissolved in porogenic solvent consisting of 1-

propanol and 2-butanol. The time taken to form the polymer inside the 

borosilicate column in the irradiation cabin was 4 minutes. 

       Various techniques were used such as FTIR, 
1
HNMR, BET, and 

FESEM, to prove the formation of the polymer and also study the properties 

of the polymer such as pore size and surface area. Some properties of the 

prepared monolith have been investigated such as irradiation time, the 

distance between the irradiation source and the monolith column, 

Permeability of the monolith, chelating capacity for monolith column, 

Porosity calculation and Swelling measurement. The epoxy ring in glycidyle 

methacrylate was opened to form diol group Thus, the formation of a cation 

exchange column is by pumping 0.2 M HCl for 3 hours at a flow rate of 20 

μL.min
-1

 The monolith column used to remove some heavy metal has a 

direct relationship with the environment pollutants and with living 

organisms such as copper, lead and nickel by using ion exchange techniques. 



XIII 
 

 

Standard and wastewater solutions are used to investigate column efficiency 

in separation and two techniques were used for the determination of that 

separated heavy metals, atomic absorption spectrophotometer to determine 

copper, lead and nickel, and spectrophotometric method by using selective 

neocuproine reagent to determine copper. Beers' Lambert law was applied to 

constrict the calibration curve in the range (0.5-28 mg.
L-1

), with LOD and 

LOQ 0.129 mg.L
-1

, 0.353 mg.L
-1

 respectively. It was found arang validity of 

the prepared columnwas 70 days. 
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  الخلاصة

-Glycidyle methacrylate‐co-ethylene dimethcrylateتم تصنيع عمود مونوليثي من 

co- acryl amide   وتم تعديله كعمود تبادل كتايوني قوي تم استخدام انبوب من البوروسلكيت

ملم ( لغرض البلمرة باستخدام  3ملم وقطر خارجي 1,5ملم وبقطر داخلي   60)بطول 

 مصدرللاشعة الفوق بنفسجية .

 GMA( )glycidyleتم تحضير خليط البلمرة باستخدام المونمرات غليسيديل ميثاكريلات )

metharcrylateوأكريل أميد )A.Am) ( )acryl amide( ورابط متشابك )EDMA )

(ethylene dimethacrylate وبادئ )2,2-dimethoxy-2-phenyl acetophenone)) 

(DMPA)  1وتم اذابة الخليط باستخدام مذيب بروجيني يحتوي على-propanol وbutanol 2- 

 دقيقة داخل كابينة التشعيع. 4ن البوليمر وكان الزمن المستغرق لتكو

الرنين النووي المغناطيسي ,((FTIRتم استخدام  عدد من التقنيات وهي طيف الاشعة الحمراء 

لبروتون الهيدروجين 
1
HNMR)),  وتحليل(BET)  والمجهر الالكتروني الماسح,(FESEM)  

حجم المسام والمساحة السطحية  لاثبات تكون البوليمر وايضا لدراسة بعض خصائص البوليمر مثل

كذلك تم دراسة بعض خصائص البوليمر مثل وقت التشعيع ,المسافة بين مصدر التشعيع وعمود 

 البوليمر ,نفاذية عمود البوليمر ,المسامية ,السعة المخلبية للعمود ,الانتفاخية .

بالتالي تكوين عمود تبادل تم فتح حلقة الايبوكسي في غليسيديل ميثاكريلات لتكوين مجاميع الدايول و

من حامض الهيدروكلوريك لمدة ثلاث ساعات وبمعدل  0.2Mكتايوني قوي وذلك عن طريق ضخ 

20µL.mتدفق 
-1

.تم استخدام عمود التبادل المحضر لازلة بعض العناصر الثقيلة والتي لها علاقة  

لرصاص والنيكل باستخدام تقنية مباشرة مع البيئة المحيطة وبالتالي مع الكائنات الحية مثل النحاس ,ا

 التبادل الايوني 

استخدمت محاليل قياسة ومحاليل للمياة العادمة لاختبار كفاءة العمود في الفصل ,تم استخدام نوعين 

من تقنيات التقدير لتقدير الايونات المزالة تقنية الامتصاص الذري حيث تم تقدير كل من النحاس 

تقنية الامتصاص الطيفي لتقدير النحاس باستخدام كاشف ,الرصاص والنيكل بالاضافة الى 

وبحد  (28ppm-0.5)متخصص وهو كاشف النيوكروبين ,تم تطيبيق قانون لامبريت بيرت بمدى 

0.129mg.Lكشف 
-1

0.353mg.Lوحد قياس كمي  
-1

 يوما . 70.تم حساب عمر العمود وكان   
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1. Introduction 

1.1. General introduction 

Robert Synge[1] a Nobel laureate in the 1950s, was the first to postulate the 

existence of structures similar to what are now called monoliths[2]  However, 

he noticed that these structures containing these soft materials would collapse 

under stress because they were primitive structures and were not designed to 

withstand high pressures. This is what Kubín et al [3]. Confirmed after 15 

years when 2-hydroxyethyl methacrylate hydrogel monolith was prepared and 

tested where the permeability was very low. 

 

 Despite the creation of a polyurethane monolith that was more successful and 

through which a decent separation was obtained in GC and LC However, 

these early technologies did not last long and the modern era of monolithic 

columns began later [4-6]. 

In the mid-1980s, Belenky et al [7] studied the chromatography of proteins 

with a variety of chemical and column engineering groups at that time, they 

used stationary phases in rinsing method and this discovery resulted in what is 

known as the short saperation. Excessive over filling has made the creation of 

these layers of micro- sorbent materials extremely difficult, so a new 

generation of stationary phase- monoliths must be born [8]. 

The origin of the preparation of the highly bonded monolithic material is 

through a polymerization mixture consisting of monophenyl and diphenyl 

methacrylate monomer, a free-radical initiator, and a porogenic solvent in a 

flat or tubular mold that yielded a sheet or cylinder, then the prepared polymer 

is cut into strips in the form of discs after it has been removed from the mold, 

and used in chromatographic separation, hence, after continuous research a 
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polymeric monolith was invented within typical columns as well as extended 

monomers used to styrene, divinylbenzene, acrylate  and their derivatives[9]. 

At that time, Hjertén and his colleagues developed a cross-linked gel by 

polymerizing aqueous solutions of N, N-methylene bisacrylamide and acrylic 

acid in the presence of salt, usually ammonium sulfate, the gel was filled 

inside the column cross section after compressing its original volume to a 

small fraction and it showed good flow permeability despite the high pressure 

generated[10]. Tanaka et al. [11] found their inspiration in the inorganic 

aggregate, which is widely used in silica- chromatography [12]. 

Early studies showen that the organic polymeric and inorganic polymeric 

silica-based aggregates have low return pressure and high flow rates, these 

features make it widely used in the separation of large and small particles like 

proteins and nucleic acids [7,13,14] 

1.2 Monolithic materials 

A monolith can be defined geologically as a single rock of different shapes 

interspersed with holes, the word monolith consists of two terms (mono), and 

(lithos), which means (one) and (stone) respectively, the examples of these 

rocks are those used by the Chinese to build palaces. The monolithic rock is 

shown in Figure 1.1[15]. 
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Figure 1.1 Photograph of the porous monolith erected at the entrance of the 

Summer Palace Park, Beijing , China. [15] 
 

Monolithic separations media have become in recent decades singificant 

separation media duo to them have many advantages. For example, they have 

low backe pressure and high flow rate because they contain a large number of 

connected channels in addition to the ease of preparation using homogeneous 

or heterogeneous materials within matrix [16-18]. 

 By compareing the monolithic separation media with traditional packed 

columns, special advantagescan be noted for homogeneous separation media 

because it consists of one piece with high permeability [19-21] .The traditional 

packing Columns contain rather large voids, even in the ideal columns. 30% 
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of the volume is voids, and this is a natural result of filling, and this 

percentage is considered large, so that a large part of the column volume is not 

used for separation (Figure 1.2 a). Thus, the only way to improve the 

separation efficiency is to reduce the porous particle size and lengthen the 

diffusion path (Figure 1.2 b). Despite this improvement, thire a problem with 

permeability it will low and backe pressure will be high therefore, it is 

preferable use a monolith in the separation because it is characterized by high 

permeability and low back pressure (Figure 1.2 c) [22]. 

 

Figure 1.2 Evolution of columns from (a) highly permeable and less-efficient 

packed columns to (b) less-permeable and highly efficient packed columns to 

(c) highly permeable and highly efficient monolithic columns 
 

1.3 Types of monoliths 

1.3.1 Organic-based monoliths 
 

Hjerten et al. [10] is one of the attempts to prepare the organic monolith in the 

late 1980s. This type can be prepared by mixing the monomer, crosslinker, 

porogenic solvent and an initiator [23]. There are three types of monomers 

that are commonly used in organic polymer monoliths; methylacrylates [24] 

styrene [25], and acrylamides [26]. 

The reason for choosing these monomers is that they have individual 

properties that make them widely used in the organic monoliths. For example, 
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styrene is chosen because of the aqueous nature of its aromatic ring, while 

methyl acrylate is chosen because of its methoxy ring [26]. 

 

In this type of monoliths, 1-propanol and 1, 4-butanol are often used as 

porogenic solvents to help mix the components homogeneously in addition to 

controlling the porosity of the column. Also, these solvents help in the growth 

of monolith in one direction, as a result of homogeneous mixing [27]. 

The organic monolith Figure (1.3) has some special properties such as 

moderate back pressure and operates in a wide range of pH [28,29]. The 

organic polymer consists of three types, the first type is in the form of a 

column, where the polymerization takes place inside the column whose length 

is 30-60 mm, the second type is in the form of a plate or a thin disk of 3 mm in 

size, and the last type is polymerized inside capillary tubes and is used in 

separation applications on a large scale [30,33] table (1.1) shows some of the 

types of organic monolith used in different types of separation. 
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Figure 1.3 Organic-based monoliths [38] 
 

In Table 1-1, we will review some types of organic monoliths, which are 

considered as previous studies of this type. 
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Table 1-1 types of organic monoliths 

Monoliths Technique Sample Reference 

Poly(AAm-Mann-Monomerco- 

Bis) glycomonolith 

Affinity 

bioseparation 

Concanavalin A [34] 

Poly(dimethylacrylamide) with 

attached phage 

Affinity 

chromatography 

Particulate 

containing feeds 

[35] 

Poly(GMA-co-EDMA) 

monolith, RNA aptamer 

functionalized 

Affinity 

chromatography 

Lysozyme in egg 

white solution 

[36] 

Poly(HEMA-co-PEGDA) 

cryogel monolith 

Anion exchange Immunoglobulin 

G 

[37] 

Cellulose grafted with GMA chromatography IgG [38] 

Poly(AHA-co-PMA-co-EDMA) 

monolith 

hydrophilic and 

cation exchange 

Proteins [39] 

Poly(IL-co-C12-co-TMPTAco- 

EDMA) 

Ion Exchange Lysozyme [40] 

Poly(VER-co-EDMA) monolith Anion exchange human plasma [41] 

Poly(styrene-co-DVB) Reverse Phase 

Chromatography 

Protein [42] 

1.3.2 Inorganic-based monoliths 
 

Inorganic monolith can be prepared using a variety of materials such as silica, 

alumina, zirconia, iron and other materials. These columns (most of which are 

silica) contain a large number and variety Pores that are used to separate 

molecules [43].  
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Figure 1.4 Inorganic-based monoliths [44] 

Nakanishi and Suga [12].(50 years old) were among the first used silica in the 

preparation of inorganic homogeneous stones. They used tetraethyl 

orthosilicate (TEOS), (TMOS), respectively as basic materials in the 

preparation of silica monolith. TEOS and TMOS are hydrolyzed and then 

condensed in the presence of polyethylene glycol, thus forming a large 

compact mass and then treated with ammonia to create pores on the silica 

structure, the resulting silica monolith often needs further chemical derivation 

with functional groups such as  poly(4-vinylphenylboronic acid-co-MBAA)) 

for example [45]. 

Silica monolith has  many advantages and characteristics, including that it 

possesses a very specific network of large and medium pores (Figure 1.4) and 

as a result, the surface area is relatively large  (often 200–300 m
2
. g

-1
) the pore 
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size and surface area can also be controlled by adjusting the preparation 

parameters. Also, one of the properties of the silica monolith is that it is stable 

at high temperatures (more than 750 degrees Celsius) and does not swell or 

shrink upon contact with various solvents [46, 47]. 

 There are limitations when using the inorganic aggregate, including the 

dissolution of its external structure consisting of silica when using solutions 

with a pH higher than 8, so it is recommended to use solutions with a pH of 

less than 8 in addition, the alkoxide precursors is insoluble in water, which 

must be dissolved to obtain the proportion of silica - water suitable for 

complete hydrolysis and this problem can be overcome by using solvent 

agents such as alcohol [48]. There are many different types of inorganic 

monoliths that are used in a wide range of fields. Some of them are presented 

in Table (1.2). 
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Table 1-2 Some types of inorganic monolith 

Monoliths Technique Sample Reference 

Sol-Gel with rSPA 

immobilized on it 

chromatography antibodies [49] 

Trypsin-

functionalized 

silica and titania 

monolith 

Chromatography. oligonucleotides [50] 

aluminosilica 

monoliths 

Adsorption proteins [51] 

Pepsin-

functionalized 

silica monolith 

 

electrochromatography Nefopam [52,53] 

CuAAC silica chromatography Glycoprotein [53] 

Trypsin-

functionalized 

silica and titania 

monolith 

Mass spectrometry Lysozyme [54] 

Sol-Gel modified 

with C18 and –CN 

Mesoporous 

Reverse phase 

chromatography 

Peptides [55] 

 

1.3.3. Hybrid monoliths (Organic – Inorganic) 
 

In recent years, a new class of monoliths has emerged, called the hybrid 

monolith, which combines its characteristics between organic and inorganic 

monoliths. Thus, the hybrid monolith consists of two main parts, the first of 

which contains the inorganic silica part (HSM), and the other contains the 

organic polymer part (HPM) [56].This is done by distributing the organic 

matrix evenly through the inorganic matrix [57]. As a result of this 

combination of the two types; we get new characteristics such as increased 
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biocompatibility [58] increased thermal stability, which leads to increased 

lifespan [59] and finally increased mechanical force [60]. 

1.4. Polymerization process 
 

Vinyl polymerization is a significant method in the process of creating 

polymers and is of considerable importance in numerous sectors of life, 

whether photopolymerization or thermal polymerization, after preparing the 

polymerization mixture, which consists of monomers, initiator, cross-linker, 

and organic solvents, the polymerization process begins, which is either 

thermal polymerization or photopolymerization, although 

photopolymerization is the most often used polymerization. This is 

accomplished by employing a UV source with a wavelength of about (365nm) 

The photopolymerization process is mostly dependent on the generation of 

free radicals[61,62]. 

 

1.4. 1.Thermal polymerization 

In this process, heat is used to generate free radicals, where the polymerization 

mixture is injected into the column or disc and placed in a water bath. In most 

cases, isobutyl is used as an initiator in the thermal polymerization process 

[63]. 

Thermal polymerization was first used in 1992, when Svec and Frechet[63] 

published a paper on the manufacture of continuous sticks (called monolith 

columns at this time) using glycidyl methacrylate as monomer and ethylene 

glycol dimethacrylate as a cross-linker and using cyclohexanol and dodecanol 

as pyrogenic solvents and the initiator was AIBN[64]. The temperature must 

be controlled to obtain a porous structure that can be repeated regularly at high 

temperatures, the decomposition of the initiator and the diffusion rate is large, 
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accompanied by a large growth in the size of the nuclei, and thus the size of 

the pores becomes very small at low temperatures, the decomposition of the 

initiator is very little. Therefore, moderate temperatures must be used to 

achieve it as a balance between the size of the pores and the degree of 

decomposition of the initiator required [65]. 

 The choice of initiator may also affect the features of the porous structure 

obtained. For example, the replacement of 2, 2, 9-azobisisobutyronitrile 

(AIBN) by 2, 2, 9-azobis- (2, 4-dimethyl) valeronitrile (ADVN) in the 

preparation of poly (glycerol dimethacrylate) monolith, while keeping the 

other reaction parameters constant, lead to a decrease in population of 

mesopores and to formation of more macropores that, in turn, resulted in a 

decrease in the total surface area from 143 to 93 m
2
.g

-1 
[66]. 

 

 

 

1.4.2. Photopolymerization 

 

The term photopolymerization means the use of light as an energy source in 

the formation of polymers, where this energy is used to form new chemical 

bonds. Photopolymerization usually takes place at a temperature of (10-41) 

C°, but most of the time photopolymerization takes place at room temperature. 

Photoinitiators absorb energy in the visible and ultraviolet (250-450) nm 

region in contrast to thermal polymerization. Solvents with low boiling points 

can be used such as ethanol, tetrahydrofuran, acetonitrile, propanol, 

chloroform, butanol, ethyl acetate, and hexane [66, 67]. 

For light to be absorbed by the initiator the emission line from the light source 

must overlap the initiator's absorption band. In this case, the photoinitiator (IP) 
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is raised to the state of electronic excitation (by upgrading the electron to a 

higher energy orbital) and is symbolized by (PI*) as in Eq [68]. 

 

PI + Light PI* 

 

The life time of PI is very short and then it goes through two phases  

1- Decay and return to PI with the generation of heat and light.  

2- It undergoes a chemical reaction, and this phase results in reactive 

intermediate I* or I
+
: 

PI*

PI

I* or I+
 

The reactive intermediate, for example, I* in turn may react with another 

radical R that initiates the polymerization of the monomer M: 

I*

R.

M Polymer

I-R

 

Photopolymerization takes less time than thermal polymerization and is 

affected by the intensity of the bright light and the concentration of the 

initiator. Khimich et al. [69] investigate the photopolymerization of poly 

(GMA-co-EDMA) monomers using (Darokur-1173) as an initiator and 

cyclohexanol as an organic solvent, it was discovered that using 1 % of the 

weight of the initiator yields an 80 % yield after 20 minutes of irradiation with 

ultraviolet rays with a wavelength of 320 nm, but increasing the weight of the 

1.1 

1.2 

1.3 



Chapter one                                                              Introduction 

 

14 
 

initiator from 1 % to 2 % by weight yields a return of 96 % while maintaining 

homogeneous polymer units. 

 

1.5. Free radical polymerization 

 

Free radical polymerization is one of the polymer formation processes in 

which the polymer grows by successive addition of monomer units. This 

process occurs by breaking the double bonds and converting them to an active 

free radical [70]. Free radical polymerization is one of the most widely used 

polymerization processes. In addition to its recent applications in the 

separation processes in chemistry, it is also used in the industrial field, as is 

the case in the manufacture of safety glass using poly (methyl methacrylate) 

and the manufacture of coffee cups from polystyrene foam to polymerize free 

radicals. Several advantages, including the following; [71] 

1- Relative sensitivity to impurities 

2- Their reactions require moderate temperatures 

3- Allow multiple polymerization processes 

The mechanism of free radicals is well understood, and the extension of its 

concept to new monomers is clearly visible. The mechanism of free radicals 

can be summarized in the following diagram; 
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Initiator 2R1*

2R1*+M R1
*

R1
* +nM Rn

*

Rn
* +AB RnA +B*

Rm* + Rn* Pm+n

Rm* + Rn* PM + Pn

Initiator

Chain Initiation

Propagation

Transfer

Combination

Disproportionation
Termination

 

R
1
* represents a free radical capable of initiating propagation; M denotes a 

molecule of monomer; Rm* and Rn* refer to propagating radical chains with 

degree of polymerization of m and n, respectively; AB is a chain transfer 

agent; and Pn + Pm represent terminated macromolecules [71]. Free radical 

polymerization is used in the preparation of many polymers such as poly 

(vinyl chloride), polystyrene and its copolymers (with acrylonitrile, butadiene, 

etc.), polyacrylates, polyacrylamide; poly (vinyl acetate), poly (vinyl alcohol) 

and fluorinated polymers comprise the most important of these materials. 

However, no pure block copolymers and essentially no polymers with 

controlled architecture produced by conventional radical polymerization [72]. 

 

1.6. Monomers 

1.6.1. Glycidyl methacrylate (GMA) 

There are many monomers that are used in the production process of 

monolith, but one of the most famous and widely used of these monomers, is 

glycidyl methacrylate (GMA) [73-75] duo tothat its structure contains an 

epoxy group, which is an effective group that can be modified according to the 

required reaction (Figure 1.5). 
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O

O

O
 

 

Figure .1.5. Glycidyl methacrylate (GMA)  

the properties of monomers contribute to determining the solvents used in the 

polymer formation process, and therefore they also play a role in the 

formation of the porous structure of the polymer. For example, when 

preparing poly (GMA-co-EDMA) with a pore size of 1mL, that needs 20% of 

dodecanol solvent and 80% of cyclohexanol, while when preparing 2-

hydroxyethyl methacrylate (HEMA) with the same pore size we need a larger 

amount of dodecanol solvent [75]. Merhar et al. [75,76] combine nine 

monomers, including GMA, initially alone, and the second time combined the 

nine monomers with EDMA, they observed that the pore radius decreased 

with the increase of hydrophobicity with respect to GMA, while the total 

porosity of the monomers prepared from different monomers under similar 

conditions were very similar, here the effect of EDMA appears, and through 

this study, they were able to explain the effect of the structure of the 

monomers on the overall porosity of the polymer. 

1.6.2. Acrylamide (A.Am) 

It is a white crystalline compound soluble in water, aceton and alcohol but 

insoluble in benzene. Infrared and Raman spectra studies showed that the 
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entire acrylamide molecule is flat and that the structure of acrylamide is 

compatible with that of the amide [77]. 

O

NH2  

Figure .1.6. Acrylamide (AAm)  

The structure of acrylamide Figure (1.6) its contained double bond is one of 

the features that led to its frequent use in the polymerization of free radicals, 

whether polymerizing acrylamide alone or with other monomers as well as 

containing functional groups that can be used after polymerization in various 

chemical applications such as separation, affinity and other applications 

[78,79]. 

 

1.7. Crosslinkers 

Although there are many crosslinkers (Table 1-3), the most famous of them is 

ethylenedimethacrylate (figure 1-7), where it forms rigid polymers with 

methacrylate polymers are often copolymerized with butyl methacrylate,  

glycidyl methacrylate, and hydroxyethyl methacrylate [80-83].  
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Table 1-3 Some Crosslinkers use in preparation monoliths 

Crosslinker Scientific symbol Reference 

Diethylene glycol 

dimethacrylates 

DEGDMA [74] 

triethylene glycol 

dimethacrylates 

TEGDMA [84] 

trimethylolpropane 

trimethacrylate 

TRIM [75] 

glycerol dimethacrylate GDMA) [85] 

1,4-butanediol 

dimethacrylate 

BDDMA [85] 

 

Courtois et al. [74] used a mixture of crosslinkers to prepare monolith 

methacrylate and these are (DEGDMA) and (TEGDMA), which are 

characterized by their structure containing chains of diethylene glycol or 

triethylene glycol which gives the crosslinker a good flexibility which in turn 

helps to avoid material failure during polymerization due to internal stress pH, 

and organic solvent contents [86]. 

O

O
OO

 

Figure 1.7 Ethylene glycol dimethacrylate  
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Binghe GU and co-workers [87] were able to prove the effect of crosslinker 

factors on the final product of the polymer by conducting a study on the poly 

(PEGMEA-co-EDMA) monolith, which showen great adsorption force and 

when EDMA was replaced with polyethylene glycol dimethacrylate (PEGDA) 

with more hydrophilicity than EDMA donot appear any adsorption. 

Tennikova et al [8] he manipulated the crosslinker ratios and monitored the 

flow pressure of the poly (GMA-co-EDMA) monolith, where it was found that 

75% of EDMA gave a permeability of 0.8 - 1 and at 60%. It was found that 

the permeability was 22.4 and in 50% the permeability was 40.0, Thus, the 

ratio of 50% or the proportions close to it became the optimal condition for the 

preparation of the polymer. 

 

1.8. Porogenic solvents  

It previously knewn that the crosslinker affects the formation and hardness of 

the monolith, and to a small extent on the formation of pores, but porogens are 

considered one of the strongest factors that affect the formation of the 

geometric structure of the pores; therefore, the change of porogen only affects 

the porous structure of the polymer; therefore, a solvent must be chosen so 

that it is a good solvent for the monomers and a poor solvent for the final 

polymer, and this is limited by the solubility parameter(ð) [88,89] for both the 

monomer and the solvent, for example d is 8.5 for DEGDMA and (ð) is 

(9.9H),(9.1H),(8.4H),(9.1H) for solvents (acetone, THF, ethyl propionate, and 

ethyl acetate ) respectively; therefore, these solvents are a good solvent for the 

DEGDMA polymer, so they were excluded from use. So must choose from 

the solvent (methanol, ethanol, 2-propanol, and tert-butanol), which have 
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values of (ð) (14.5 H, 12.7 H, 11.5 H, 10.5 H) respectively. Indeed, methanol 

was chosen in the preparation of the polymer (DEGDMA)[90-92]. 

1.9. Post-polymerization modifications to the epoxy ring in GMA 

GMA is an interesting monomer and is commonly used to prepare PGMA in 

an easy and inexpensive way by free radical polymerization. Figure (1.8) 

.GMA contains a highly tensioned triple ring, which makes its stay in this 

triple form a very short period, so such rings are easy to modify in many 

reactions [64,93-96]. 

 

Figure 1.8 Synthesis of polyglycidyl methacrylate by free radical 

Polymerization methods [97] 

Although the epoxy ring in glycyl methacrylate is a ternary ring that is 

stressful in nature, it needs an acidic or alkaline catalyst which is necessary for 

the ring opening reaction [98].Modification of polymers after their formation 

is an important way for functional polymer, which allows their development 

within the polymer family. There are many chemical reactions that epoxy ring 

enters, such as functionalisation with amines [99,100] functionalisation with 

thiols[101,102] functionalization with azide [103] ,functionalization with 
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carboxylic acid [104-106] and functionalisation with water[107,108] (Figure 

1.9) . 

 

Figure 1.9 Post-polymerisation modification reactions of polyglycidyl 

methacrylate 

 

1.10. Chromatography [109] 

Chromatography is a technique used to separate and quantify molecules. The 

principle of chromatography depends on where the mixture is applied to the 

surface or in the solid and the stationary phase is separated from each other 

with the help of the mobile phase. Some components of the mixture remain for 

a long time in the stationary phase and move slowly in the chromatographic 
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system, while others pass quickly into the mobile phase and leave the system 

quickly and this is determined by matters related to adsorption (solid-liquid) 

and partition (liquid-liquid) and based on this, the basic components can be 

divided for the chromatographic system as follows; 

1-Stationary phase; this stage consists of a solid phase or layer of liquid 

adsorbed on the surface of a solid. 

2- Mobile phase; this phase is always in the liquid state or gaseous component 

3-Separated molecules; include a lot of materials to be separated such as ions, 

proteins, nucleic acids, etc., Chromatography are divided into many types such 

as [110]. 

 Column chromatography 

 Ion-exchange chromatography 

 Gel-permeation (molecular sieve) chromatography 

 Affinity chromatography 

 Paper chromatography 

 Thin-layer chromatography 

 Gas chromatography 

 Dye-ligand chromatography 

 Hydrophobic interaction chromatography 

 Pseudoaffinity chromatography 

 High-pressure liquid chromatography 

 

 

1.11. Ion- exchange chromatography 

The basis of the work of ion exchange chromatography is the electrostatic 

interactions between the charged groups of the materials to be separated and 
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between the supporting groups present in the column, provided that the 

charges are opposite, that is, if the material to be separated is positively 

charged, the charge of the supporting groups inside the column must be 

negative and vice versa, after that the material is separated from the column 

either by the concentration of ionic salts and the ionic strength of the buffer 

solution or by changing the pH value [111]. 

There are two types of ion exchangers, positively charged ion exchangers, 

called anion exchangers, and negatively charged ion exchangers, called cation 

exchangers Figure( 1.10)[112]. 

 

Figure (1.10) Two types of ion exchangers 
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1.12. Ion-exchange materials 

The ion exchange columns, are widely and commercially available today, 

which are based on the basis of molecular media, that  includes the use of both 

polymeric and silica supports, and can be classified into more than eight types, 

which are different based on the nature of their manufacture, and some of 

them are more popular than others.At the present time due to this difference or 

preference, it depends on the modification being made to them. The 

modification may be, for example, by adding silane reagents to silica, grafting 

the support surfaces with polymeric chains, encapsulating polymeric supports 

in a polymer film, or electrostatic conduction of colloidal particles [113]. 

Both silica and polymer supports are used in ion exchange techniques, but 

polymeric supports are preferred nowadays in most cases due to the stability 

of polymer supports at high pH, especially in ion exchange applications that 

require high alkaline rinses, and this condition is not fulfilled when using 

silica supports for this reason, polymeric supports are so popular in ion 

exchange applications [114]. 

1.13. Polymeric monoliths as ion exchang  

The introduction of polymeric materials in ion exchange techniques is very 

important due to the advantages that polymeric materials have some 

properties, such as mechanical stability, and  as mentioned previously, their 

tolerance to high levels of pH[115]. 

The process of developing new ion exchangers has been still as the focus of 

researchers’ attention and is considered one of the most challenging research 

objectives. This development is linked to a number of general trends, 

including; [116]. 
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1- The continuous increase in its ion exchange capacity, as this trend is linked 

when starting to design any ion exchanger. 

2- Another important trend is to improve the efficiency of the column, by 

which; 

 Using smaller particle ion exchangers. 

 Improving the surface chemistry or using homogeneous porous columns, 

which in turn leads to a change in the shape of the column 

3- Reducing the diameters of the separation columns is one of the other trends 

that must be taken into consideration when starting to design ion exchange 

columns, and there is a tendency to design robust and efficient capillary ionic 

chromatography. 

4- Changes in bonding chemistry by introducing new functional groups to 

separate anions, cations, or both, or by improving the water and thermal 

stability of ion exchangers and thus expanding the range of applications 

[117-119]. 

It is noticeable that the monolith  material achieves the above-mentioned 

trends in a large proportion and become preferred over the traditional packed 

columns in terms of some concepts such as the concept of interstitial tension 

between the two phases as well as the absence of dynamic forces as well as 

the possibility of introducing specialized functional groups other than the 

functional groups found in the beads that are packed in the traditional columns 

and on the other hand, the use of monolith  materials made it possible to 

control the pore size by selecting the porogenic solvents, or by controlling the 

percentage between the crosslinker on the one hand, the monomer phases and 

the porogenic solution on the other[120]. 
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1.14. Heavy metals 

With the fast rise of industrialisation in recent years, contamination of land, 

water, and air has increased. Heavy metal pollution has created a surge in 

sudden environmental contamination occurrences, resulting in heavy metals 

entering the environment in high concentrations in a short period of time, 

causing significant harm [121]. 

 

Heavy metal elements are metal elements with densities more than 4.5 g.cm
-3

 

Cd, Cr, Hg, Pb, Cu, As, and other heavy metal pollutants are common. Heavy 

metals are extensively spread in the atmosphere, water, and soil, and they are 

difficult to biodegrade and poisonous, making them one of the most deadly 

contaminants. It is mostly caused by heavy metal mining and processing, as 

well as the discharge of industrial and vehicle pollutants into rivers or 

penetrated into the soil by rains. Excessive heavy metal pollution in the 

natural environment will enter the food chain by inhalation, ingestion, or skin 

contact, and then re-accumulate in the body, posing a severe hazard to public 

health [122]. 

 Carcinogenesis, deformity, and mutation are the most common symptoms. 

The following are the primary dangers of typical heavy metals: Hg enters the 

liver shortly after eating, causing severe harm to the brain, nerves, and 

eyesight; Cd can cause high blood pressure, cardiovascular and 

cerebrovascular illnesses, bone, liver, and kidney damage, among other things. 

Lead can harm the fetus' neurological system and cause congenital mental 

impairment. As well as causing systemic disorders, mostly skin damage [123]. 
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Heavy metals monitoring is both a necessity and a critical component in 

preventing and controlling heavy metal pollution. In the actual application of 

environmental pollution monitoring, it is mainly concerned with the spatial 

analysis of continuous regions rather than the precise content of pollutants at a 

given position in space. As a result, rapid and accurate detection of heavy 

metal elements, as well as understanding of the spatial distribution pattern and 

characteristics of regional heavy metal pollution, are critical for heavy metal 

pollution assessment and management, as well as geographic pollution 

essential for the prevention [124]. 

 

 

1.14.1. Copper 

Copper is one of the important elements that playing significant role in the 

daily life, for example developing of red blood cells, bones, and many 

biological processes in human beings [117]. In addition, it is required in a 

sufficient amount to avoid fatigue, slowed growth, iron insufficiency, brittle 

bones, and a weakened immune system due to copper deficiency. Whereas, 

high levels of copper will lead to big issue for human health [126]. 

Copper is a commonly available metal that is used for electrical wiring, 

plumbing, air conditioning tubing, and roofing. Copper has excellent 

electrical and thermal conductivity, strong corrosion resistance, simplicity of 

fabrication and installation, a beautiful appearance, easy availability, and 

high recyclability, which makes it appropriate for various applications. 
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Furthermore, copper, a vital component for humans and other living forms, 

and is biocidal to some species [127]. 

However, copper(II) is one of the most poisonous heavy metals to living 

beings and one of the most common heavy metal pollutants in the 

environment. Metal cleaning and plating baths, pulp, paper board mills, 

wood pulp manufacture, and the fertilizer sector are all possible sources of 

copper in industrial effluents. As a result, the wastewaters from these sectors 

include significant quantities of copper (II) ions, necessitating treatment 

before removal in effort to reduce water contamination [127]. 

 

1.14.2. Lead 

Lead is one of the most poisonous metals, has an accumulative impact, and 

is a high-priority contaminant in the environment, the detrimental 

consequences of lead pollution on human health are well-known, and among 

them are reduced enzyme activity, renal function, and neuromuscular issues, 

lead has been categorized as a Group B2 (likely) human carcinogen by the 

United States Environmental Protection Agency (EPA) there are now 

legislative controls on the discharge of lead into the environment 

nonetheless, it is employed as a raw ingredient in industries such as car 

batteries, ceramics, and ink. Furthermore, lead is a byproduct of various 

industrial processes used to manufacture fertilizers and insecticides. In both 

circumstances, it might have been released into the environment as a result 

of an insufficient production method or as a result of an accident [128,129]. 

 The usage of gasoline antiknock chemicals with paint pigments causes 

major environmental and health issues, as a result, the World Health 
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Organization (WHO) has set the maximum acceptable level for lead in 

drinking water at 10( mg.L
-1

 )as a result, it is critical to monitor the lead 

level in the ambient sample [130,131]. 

1.14.3. Nikel 

Nickel is the fifth most abundant element on Earth, behind iron, oxygen, 

silicon, and magnesium. This metal is widely distributed in the environment 

because it is a key element of almost 100 minerals that have several 

industrial and commercial applicationsIt's primarily found in minerals 

including pentlandite, garnierite, millerite, niccolite, and ulmannite. Nickel 

is frequently found in two ore types: sulphide and laterite. Baron Axel 

Frederich Cronstedt, a Swedish scientist, extracted nickel from an ore in 

1751, the majority of the world's nickel supply is now mined in Canada, 

Cuba, the former Soviet Union, China, and Australia [132]. 

(Ni) is a trace metal that is widespread in the environment due to both 

natural and anthropogenic activity. The release of (Ni) into the environment, 

especially its deposition in agricultural soils, is a major problem. The 

naturally occurring concentrations of (Ni) in soil and surface waters are 

generally less than 100 mg/kg and 0.005 mg/L, respectively however, 

anthropogenic activities such as the use of fossil fuels for power generation, 

mining, smelting, car emissions, the disposal of domestic, municipal, and 

industrial waste, steel manufacture, and the cement industry all contribute to 

the increased release of Ni into the soil [133]. 
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1.15. Literature review 

1.15.1. Summary of the data from previously reported research 

about using monolith as ion-exchange to ions separation 

Table1.4 previously reported research about using monolith as ion-

exchange to ions separation 

 

  

 

 

Reference Sample Mode of 

Chromatography 

Type of monolith NO. 

[119] I
-
,Br

-
,NO3

-

,NO2
-
 

SAX BMA-co-EDMA-co-AMPS 

monolith modified with 

latex nanoparticles  

1 

[118] I
-
,Br

-
,NO3

-

,NO2
-
 

SAX GMA-co-EDMA monolith 

sulphonate using sodium 

sulphat and modified with 

latex nanoparticles 

2 

[134] Heavy metals SCX GMA-co-EGDMA-co-

MMA functional with 

pentaerythritol 

tetrakis(3mercaptopropionat) 

and THIOLS 

3 

[135] Cr
3+ 

SCA Lcys- poly(GMA-MAA-

EDMA) 

4 

 Cu
2+

,Pb
2+

,Ni
2+ 

SCX GMA-co-EDMA-co-A.Am 5 
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1.15.2. Summary of the data from previously reported research 

about using monolith as ion-exchange to molecules separation 

 

Table1.5 previously reported research about using monolith as ion-

exchange to molecules separation 

 

NO Type of monolith Mode of 

Chromatography 

Sample Reference 

1 Ion-exchange GMA-co-

EDMA, the GMA was 

modified using 

diethylamine. 

HPLC Proteins [136] 

2 Ion-exchange GMA-co-

EDMA, GMA was grafted 

with poly(2-acrylamido-2-

methyl-1-propanesulfonic 

acid 

HPLC Proteins [137] 

3 CIM QA SAX Purification of 

tomato mosaic 

virus Separation 

of 

immunoglobulin 

M from 

immunoglobulin 

G 

[138] 

4 GMA-co-DVB Grafting WAX Separation of 

oligonucleotides 

[139] 

5 SAX GMA-co-DVB, GMA 

was modified with 

diethylamine followed by 

alkylation with diethyl 

sulfate 

μLC Nucleotides and 

oligonucleotides 

[140] 

6 GMA-co-DVB SAX Separation of 

nucleotides and 

Oligonucleotides 

[140] 
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7 pAAm cryogel WAX Purification of 

DNA 

[141] 

8 pAAm cryogel SAX Purification of 

DNA 

[141] 

9 pAAm cryogel Coating SAX Purification of 

DNA 

[141] 

10 Commercially available 

CIM DEAE 

WAX Protein 

fractionation 

prior to MALDI 

TOF MS, water-

soluble barley 

proteins 

[142] 

11 CIM QA SAX Removal of 

human serum 

albumin from 

human plasma 

[143] 

12 CIM EDA WAX  [144] 

13 GMA-co-EDMA WAX, SAX Adsorption of 

plasmid DNA 

isolated from E. 

coli 

[145] 

14 GMA-co-EDMA SAX Purification of 

plasmid DNA 

from E. coli 

clarified lysate 

[146] 

15 NBE-co-DMN-H6 SAX Separation of 

oligodeoxythymi

dylic acids 

[147] 

16 Poly(DPEPA-co-POSS) 

monolith 

Reverse phase 

chromatography 

Standard 

proteins, egg 

white proteins 

and BARD1 

BRCT domains 

protein 

[148] 

17 CIM QA SAX Isolation of 

bacteriophage 

[149] 

18 UNO-Q SAX Purification of 

enzyme 

[150] 
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19 ProSwift SAX-1S SAX Determination of 

anions in 

seawater 

[151] 

20 GMA modified with 

diethylamine 

Weak ion 

exchange 

column 

bovine serum 

albumin  (BSA), 

thyroglobulin,  

plasmid DNA 

[152] 

21 SPMA-co-PEGDA Strong cation 

exchange 

chromatography 

Protein Standard 

and peptides 

[153] 

22 WAX GMA-co-EDMA, 

GMA was functionalized 

using trimethylamine 

CE Five inorganic 

anions 

[154] 

23 (CEA-co-PEGDA) Weak cation 

exchange 

without 

hydrophobicity 

Proteins and 

peptides 

[155] 

24 WAX GMA-co-EDMA, 

GMA was modified with 

diethyl amine 

HPLC Ligodeoxythymi

dilic and DNA 

[156] 

25 Poly(TEPIC-co-TAEA) 

epoxybased monolith 

Weak anion 

exchange mode 

Glycoproteins [157] 

26 Poly(HEMA-co-PEGDA) 

cryogel monolith, 

DMAEMAgrafted 

Anion exchange 

Chromatography 

Immunoglobulin 

G in bovine milk 

whey 

[37] 

27 Poly(GE 100-co-EDA) 

epoxybased monolith 

Ion exchange 

and hydrophobic 

interaction 

Standard proteins [158] 

28 Poly(MAA-co-EGDMA-co- 

PEGDA)) monolith, GMA 

grafted, sodium sulfite or 

diethyl amine processed 

Ion exchange 

chromatography 

BSA, lysozyme [159] 

29 Poly(MAA-co-EGDMA-co- 

PEGMA cryogel monolith,  

DEAE introduced 

Weak anion 

exchange 

adsorbent with 

high binding 

capacity 

BSA [160] 

30 Poly(IL-co-C12-co-

TMPTAco- EDMA 

Ion Exchange 

Chromatography 

Lysozyme in egg 

white 

[40] 
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31 Sulfoalkylated Poly(HEMA-

co- GMA-) cryogel monolith 

Strong cation 

exchange 

chromatography 

Standard proteins [161] 

32 Hydrophobic poly(BMA-co- 

EDMA) with grafted AMPS 

Strong cation 

exchange 

chromatography 

11 intact proteins 

and then protein 

digests 

[162] 

33 Quaternary amine-modified 

Poly(GMA-co-EDMA)  

monolith 

Strong anion 

exchange 

chromatography 

Standard 

proteins, virus-

proteins mixture 

[163] 

34 Sulfonated Poly(GMA-co- 

EDMA) monolith 

Strong cation 

exchange 

chromatography 

Standard proteins [164] 

35 Poly( GMA -co- EDMA ) 

and poly(styrene-co-DVB) 

Separation using 

anion exchange 

and reverse 

phase 

chromatography 

Tandard Proteins 

and E Coli. 

Lysate 

[165] 
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1.16. Aim of stady 

 

This study aims the preparetion and investigates new monolithic columns 

depending on glycidyl methacrylate as the major component combined with 

other monomers that have different properties to be used for ion exchange 

chromatography. The monoliths produced should have a high efficiency in 

the separation. 

Glycidyl methacrylate monomer has been chosen to prepare the copolymers 

due to the significant ability of pendent epoxide groups to participate in 

many chemical reactions and modifications for numerous applications. 

Therefore, these properties were used to prepare and investigate monolithic 

columns as ion exchange columns, which can be used to separate the largest 

number of ions process. 
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2. Experimental 

2.1. Instruments 

Ther are several techniques were using in this current study; most of them 

are listed in table (2-1). 

Table (2.1) Instrument used in this research 

No. Device name The manufacture company 

1 Electronic analytical balance 

with four decimal places 

Denever Instrument Germany TP-214 

2 heater  Heidolph RM Hei-standard 

3 HPLC pump 

(Varian Prostar system) 

kd Scientific Holliston,MAU.S.A 

4 Iirradiation Cabinate(220V-

50HZ) 

Home made 

5 UV-Visible spectrophotometer 

(double-beam) 

Japan 

(shimadzu)(UV-1700) 

6 Sonicater ultra sonic bath India 

7 FT-IR 380 spectra Bruker 

8 Syringe pump Bioanalytical System Inc., USA 

9 stirrer VWR West Chester, PA, USA 

10 Field Emission Scanning 

Electron Microscopy (FESEM ) 

TESCAN, Model: Mira3, Czech 

Republic 

11 Brunauer-Emmett-Teller (BET ) BEL, Model: BELSORP MINI II, Japan 

12 Proton nuclear magnetic 

resonance(
 1
HNMR ) 

 

Model: Innova 5 Concole with an 

Oxford 500 Magnet, Country: United 

state 

13 pH-meter WTW 

14 Oven Jlabtech, Korea 

15 Atomic Absorption Spectroscopy SHIMADZU AA-6300 
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2.2. Chemicals  

The chemical materal used in this study are shown in table (2-2). 

Table (2-2) Materals usedin the study, purity and manufacture 

company 

No. Chemical name Chemical formula Purity The 

manufacture 

company 

1 Glycidyl 

methacrylate 

C7H10O3 98% Sigma-

Aldrich, 

Poole, UK 

2 Acrylamide CH₂CHCONH₂ 98% Sigma-

Aldrich, 

Poole, UK 

3 Ethylene 

dimethacrylate 

C10H14O4 98% Sigma-

Aldrich, 

Poole, UK 

4 3-(trimethoxysilyl) 

propylmethacrylate 

H2C=C(CH3)CO2(CH2)3Si(OCH3)3 98% Sigma-

Aldrich, 

Poole, UK 

5 2, 2-dimethoxy-2-

phenyl 

acetophenone 

C6H5COC(OCH3)2C6H5 98% Sigma-

Aldrich, 

Poole, UK 

6 1-Propanol C3H8O 97% G.C.C 

7 2-Butanol CH3CH2CH(OH)CH3 97% G.C.C 

8 Hydrochloric acid HCl Analar G.C.C 

9 Sodium hydroxid NaOH 99% BDH 

10 Nitric acid HNO3 97% G.C.C 

11 Copper(II) nitrate Cu(NO3)2·3H2O 98% BDH 

12 Neocuproine C14H12N2 98% Merck 

13 nikel (II) nitrate Ni(NO3)2.6H2O 98% BDH 
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14 lead (II) nitrate Pb(NO3)2 98% BDH 

15 Ethanol C2H5OH 94% G.C.C 

16 Methanol CH3OH 96% G.C.C 

2.3. Preparation stock solutions. 

2.3.1. Preparation of (0.2 M) of hydrochloric acid 

This solution was prepared by taking 1.7 mL of concentrated hydrochloric 

acid (that percentage of purity 35% (w/w) and specific gravity 1.18  g.mL
-1

) 

and added to 100mL volumetric flask containing water and then completed 

the volume to the mark. 

2.3.2. Preparation (0.2 M) of sodium hydroxide 

This solution was prepared by taking (0.8 g) of sodium hydroxied in dry and 

clean beaker and added (50 mL) distilled water and when the dissolved done 

the solution transferred to (100 mL) volumetric flask and then completed the 

volume to the mark. 

2.3.3. Preparation of (200 mg.L
-1

) Copper (II) nitrate 

0.1900 g from Copper (II) nitrate where taking in dry and clean beaker and 

added 50 mL from distilled water and when the dissolved done the solution 

transferred to (250 mL) volumetric flask and then completed the volume to 

the mark with distilled water after that, a series of solutions were prepared 

with different concentrations from the original solution. 

2.3.4. Preparation (200 mg.L
-1

) Nickel (II) nitrate 

0.2476 g from Nickel (II) nitrate where taken in dry and clean beaker and 

added 50 mL from distilled water and when the dissolved done the solution 

transferred to (250 mL) volumetric flask and then completed the volume to 
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the mark with distilled water after that, a series of solutions were prepared 

with different concentrations from the original solution. 

 

 

2.3.5. Preparation (200 mg.L
-1

) lead (II) nitrate 

0.0799 g from lead (II) nitrate where taken in dry and clean beaker and 

added 50 ml from distilled water and when the dissolved done the solution 

transferred to (250 mL) volumetric flask and then completed the volume to 

the mark with distilled water after that, a series of solutions were prepared 

with different concentrations from the original solution. 

2.4. Preparation of reagents 

2.4.1. Preparation Neocuproine reagent (100 mg.L
-1

)  

0.01 g from Neocuproine where taking in in dry and clean beaker and added 

(5 mL) from ethanol and when the dissolved done the solution transferred to 

(100 mL) volumetric flask and then completed the volume to the mark with 

distilled water. 

2.5. Preparation of the polymerization mixture [166] 

The polymerization solution is prepared by mixing 450µL (GMA) with 

481.5 mg (A.Am) and 50 µL (EDMA) as cross-linker. (DMPA) with 1% 

from the weight of the monomers which was used as an initiator. The 

porogenic solvent (1000µL1-propanol + 650µL 2-butanol) was used to 

dissolve the monomers, crosslinker and initiator. The polymerization 

mixture was mixed well for 10 min using a magnetic stirrer.  followed, 
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nitrogen gas was passed over the polymerization mixture to expel the 

oxygen, and then the formed mixture was degassed by ultra-sonication for 

about 10 min. 

 

 

2.6. Silanization process of borosilicate tube [167] 

This process was carried out in sequential stages. In the first stage, the 

borosilicate tube (figure 2.1) was washed with acetone to get rid of any 

contaminated organic matter, and then the tube was washed with distilled 

water to get rid of the acetone. Then the second stage, which is pumping 0.2 

M sodium hydroxide solution into the inner surface of the tube using a 

syringe pump at a speed of (20 µL.m
-1

), This process, is followed by a wash 

with distilled water. Then the hydrochloric acid was pumped as a third stage 

using the same pump and at the same speed. After that, it is washed with 

distilled water to get rid of acid residues, and then the tube is washed with 

ethanol to get rid of the distilled water, and then comes the fourth stage, 

which is rinsing with a solution (3-trimethoxysilyl) propyl methacrylate, 

finally, the glass tube was dried using nitrogen gas. 

 

 



 

 Chapter two                                                                   Experimental part 

40 
 

 

Figure 2.1 Photograph of borosilicate tube 

2.7. Irradiation cabinet manufacture 

The irradiation cabinet was manufactured locally using raw materials to be 

used in the polymerization process. 

 

Figure 2.2 Photograph of Irradiation cabinet 
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2.8. Polymerization process [61] 

After both the polymerization mixture in paragraph (2.3)  has been prepared 

and Silanization process of borosilicate tube in paragraph (2.4)  has been 

prepared, the polymerization mixture is carefully injected into the glass tube 

and transferred to the irradiation cabinet that was manufactured as 

mentioned in paragraph (2.5) to starting the polymerization process to form 

the polymer. 

2.9. Investigation of the irradiation time [168,169] 

The irradiation time was investigated for each column until the required 

irradiation time was reached, by given desired pore size and surface area. 

 

2.10. Investigation of the distance between the irradiation 

source and the monolith column 

The effect of the distance between the irradiation source and the monolith 

column was studied to reach the appropriate dimension. This process was 

carried out by using a variable height stand, as shown in the figure (2.2). 

2.11. Characterization of the prepared polymer 

2.11.1. Scanning electron microscope (SEM) [170,171]  

(TESCAN, Model: Mira3, Czech Republic) Scanning electron microscope 

(SEM) was used to study the morphology of the polymer. Where the sample 

was coated with a thin layer of gold and platinum (the thickness of the layer 

is about 2 nm) by spray coating machine and then the images were obtained 
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using an accelerating voltage (20 Kv) and a current of 100 pA in the high 

vacuum mode. 

2.11.2. FT-IR spectroscopy [172] 

The FT-IR spectra were studied using FT-IR 380 (Bruker) spectra where two 

samples were taken, purified, and dried well, and the first sample was taken 

directly for measurement after being triturated with KBr to prove the 

formation of the polymer. As for the second sample, the ring was opened as 

in paragraph (2.13) and then it was triturated with KBr and its IR spectrum 

was measured to prove the success of opening the ring through a comparison 

Its IR spectrum with the IR spectrum of the first sample. 

2.11.3 Brunauer-Emmett-Teller (BET) analysis 

(BEL, Model: BELSORP MINI II, Japan) was used to to studied the pore 

size and surface area of the prepared polymer. Where the monolith column 

was prepared as in paragraph (2.6), but by using an un Silanization 

borosilicate tube to remove the monolith easily, then the unreacted materials 

were removed by washing the monolith with ethanol and distilled water and 

then drying monolith in an electric oven at a temperature of 60 C°, then 

using the heat curve for nitrogen adsorption at a temperature of 77 K to 

obtain the surface area and average pore size of a monolith. 

2.11.4. 
1
H NMR spectroscopy [173,174] 

1
HNMR Device, Model: Innova 5 Concole with an Oxford 500 Magnet, 

Country: United state where used to check the formation of the polymer by 

observing the displacements given in the test result. 
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2.12. Test Permeability of the monolith [136] 

Column permeability was tested by using a HPLC pump with isocratic 

elution system (KD Scientific Holliston, MAU.S.A) where the distilled 

water was pumped at different flow rate and the back pressure was measured 

until the back pressure in pumping system  was stable the pressure is 

recorded.. 

 

2.13. Ring opening by hydrolysis [175] 

After polymer formation, the epoxy ring of the glycidyl methacrylate 

monomer was opened by pumping 0.2 M hydrochloric acid at 20 μL/min
-1

 

for 3 hours to form the diol groups. 

2.14. Calculation chelating capacity for monolith column [176] 

The column capacity was calculated using the following equation: 

𝑸 =
𝑪 × 𝑽

𝑾
                                        (𝟐 − 𝟏) 

Where Q is the adsorption capacity of the chelating monolith column, 

(mmol.g
−1

), V is the volume of the eluate (L), C is the concentration of 

(M
2+

) in the eluate (mmol.L
−1

), W is the dry weight of monolith inside the 

column (g), where the amount of ions that the column can absorb was 

calculated. 
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2.15. Porosity calculation 

By using Fletcher et al. method, the total porosity of the prepared monolith 

was calculated using the method of the scientist mentioned above, which 

states; 

   Ø𝒕 =  (𝑾𝑴 − 𝑾𝑻) / 𝒅𝑳𝑹𝟐𝝅                             (𝟐 − 𝟐) 

Where Øt is the porosity, WM the weight of the monolith while it is wet (i.e. 

Pumping water into the monolith column using a syringe pump for three 

hours, after which the monolith is weighed), WT it is the weight of a dry 

monolith column (i.e. The monolith does not contain any moisture inside the 

pores, only air), d is the density of water, L is the length of the monolithic 

column, and R is the cylindrical radius of the column,(d and R were 

measured using Digital Vernier Caliper). 

 

 

2.16. Swelling measurement 

A number of polar and non-polar solvents such as water, methanol, ethanol, 

benzen, and acetonitrile ... etc.were used to determine the extent of swelling 

of the monolith where specific weights of the polymer were taken and 

immersed in the above mentioned solvents and by observing the change in 

the weight of the monolith The porosity of the monolith was calculated. 
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2.17. Use Glycidyle methacrylate‐co-ethylene dimethcrylate-co- 

acryl amide monolithic as as strong cation exchange column 

Glycidyle methacrylate-co-ethylen dimethcrylate-co-acryl amide was used 

as astrong cation exchange column to separate(Cu
2+

,Pb
2+

,Co
2+

) ions after 

the epoxy ring has been opened and converted into groups of diol,  

This process takes place in several steps, which are summarized as follows: 

1- Load the solutions containing these ions into the column using a 

syringe pump at a flow rate of 20 μL/min
-1

. 

2- Washing the column using distilled water at the same flow rate to get 

rid of unreacted ions. 

3- Pumping 2 M of nitric acid into the column to removing ions from the 

column and collecting the displacement solution that contains the 

displaced ions to use for detection and determintion. 

4- Washing the column with distilled water to get rid of residual nitric 

acid inside the pores of the column.   
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3. Results and discussion 

3.1. Preparation of the polymerization mixture 

Preparation of the polymerization mixture was carried out by depending on 

the procedure published elsewhere with some modifications15 including 

monomers types according to the properties of a prepared monolith, in 

addition, the composition of porogenic solvent[166]. 

Two types of monomers were used in the preparation of the polymerization 

mixture; glycidyl methacrylate and acryl amide in a ratio of (50:50). The 

crosslinker and the initiator were EDMA and DMPA, respectively. There are 

some features that to use of these two monomersfor example, in GMA which 

participate in the double bond (methacrylic double bond) that could be 

photopolymerization reaction, as well as the epoxy group used in many post-

polymerization reactions. Acrylamide contains the double bond and amide 

group that could be in many post-polymerization reactions. 

The EDMA crosslinker was used in the preparation of the polymerization 

mixture because it is one of the most famous crosslinkers used in the 

preparation of polymers, especially with methacrylate monomers. It gives 

the polymer rigidity and increases the cohesion strength in addition to 

playing  a major role in controlling the size of the polymer pores, where 

small percentages case of need for small pore size and large surface eara, 

vice versa, EDMA have an importance in avoiding material failure due to 

internal stress during the multiaging process, or osmotic shock when using 

gradients with a wide range of salt concentration, pH and organic solvent 

contents due to the flexibility it gives to the polymer structure. 
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2,2-dimethoxy-2-phenylacetophenone (DMPA) were used in the 

polymerization mixture because it gives the start of the polymerization 

process by attacking the double bonds and was preferred over other  

initiators such as2,2-azoisobutyronitrile (AIBN) because it gives a regular 

reaction and does not generate nitrogen gas during the polymerization 

process. 

1-propanol and 2-butanol were used as aporogenic solvent for agood solvent 

for monomers, initiator and crosslinker and a poor solvent for the polymer. 

In addition, they give an appropriate pore size for the prepared polymer. 

3.2. Silanization process of borosilicate tube [177,178] 

The silanization process considered one of the crucial processes to form a 

monolith inside the columns due to prevention the monolith from slipping 

out of the column when high flow reats and high back pressures applied, 

reduce the effect of shrinkage during the polymerization process, preventing 

the interaction of the analyst with silanol group in samples especially if the 

samples are proteins. 

 The silanization process Figure (1-3) involves the reaction of propyl 

methacrylate (3-trimethoxylyl) with silanol groups (Si-OH) on the inner wall 

of the borosilicate tube this reaction is carried out through a number of steps, 

taking place in a number of sequential steps, where the solutions were 

pumped in each step using a syringe pump at a flow rate of 5 μl. min
-1

 for 

one hour. In the first step, acetone was injected into the borosilicate tubes to 

remove any organic metal and then rinsed with distilled water to remove 

acetone residues and at the same time analyze the siloxan groups with water 

and increase the density of the silanol groups using a 0.2 M solution of 
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sodium hydroxide, then wash with distilled water to remove the remaining 

sodium hydroxide and this is the second step. 

 

 

Figure 3.1 Silanization process of borosilicate tube 

 

In the third step involves using a 0.2 M hydrochloric acid solution which is 

responsible for removing and neutralizing the remaining alkali metal ions, 
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then the borosilicate tube is also rinsed with distilled water to remove the 

hydrochloric acid residue, followed by an ethanol rinse to remove the water 

residue finally, the fourth step begins, where (3-trimethoxysilyl) propyl 

methacrylate, which is a dual-functional reagent, was injected. The reaction 

time was given one hour; followed nitrogen gas was passed inside the tube 

for drying. Now the trimethoxysilane groups are attached to the silanol 

groups on the inner tube walls, and the monolith will be attached to the inner 

surface of the tube via methacrylate groups. 

 

3.3. Polymerization process [61,179] 

The polymerization process begins by injecting the polymerization mixture 

into the borosilicate tube, that silanized, It shoud be checked that no air 

bubbles are left inside the tube because O2 is a scavenging the free radical, 

then the ends of the tube are blocked with rubber stoppers after that the tube 

is transferred to the irradiation cabinate, which was manufactured localy as 

shown in (2-2). Photopolymerization was used in the polymer preparation 

process as it has many advantages, including not requiring long time, 

avoiding high temperatures that lead to polymer cracking, controlling the 

size of pores by increasing or reducing the irradiation period and also 

controling the length of the polymeric chain. The photopolymerization 

process was carried out by using UV radiation, where the free radical 

polymerization process begins, which consists of several steps that can be 

summarized as follows; 
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1- Cleavage step, this step includes the formation of the benzoyl fraction by 

using ultraviolet light, which leads to the decomposition of the initiator (2, 

2-dimethoxy-2-phenylacetophenone) to the acetal fraction as an inhibitor of 

the polymerization process Figure (3.2). 

 

 

 

Figure 3.2 cleavage step 

 

2- Initiation step, this step involves attacking the benzoyl portion formed 

from the first monomer step, specifically from the double bond to form new 

free radicals on the monomer figure (3.3) 

 

 

Figure 3.3 Initiation step 
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3- Propagation step, this step includes attacking the free radicals on the 

monomer that formed in the second step the cross-linker at the double bond 

to develop the polymer chain figure (3.4). 

 

 

 

Figure 3.4 Propagation step 

4- Termination step,, at this step, all the free radicals react with each other, 

and then the polymer is formed in the final form figure (3.5). 

 

 

 

Figure 3.5 Termination step 
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Figure 3-6 shows the final formula of the polymer after the polymerization 

process is completed. 

 

Figure 3-6 final formula of the polymer after the polymerization process 

is completed 

Figure 3-7 shows the column without the polymer after silanization and the 

polymer inside the column. 

 

Figure 3-7 (A) column without the polymer after silanization 

(B) Polymer inside the column.      

A B 



Chapter three                                                      Results and discussion 

53 
 

3.4. Scanning electron microscope (FESEM) for glycidyle 

methacrylate‐co-ethylene dimethcrylate-co- acryl amide 

monolith 

The morphlogical properties of  a formed monolith was instivigated by using 

FESEM technique. The monolith's morphology exhibits significant cluster 

groups and macropores. The FESEM image of a prepared monolith is shown 

in Figure (3.6) Several necessary points for the prepared column can be 

deduced from Figure (3.6) Firstly, Monolithic media may be thought of as a 

network of enormous channels.24 Secondly, the mobile phase could be 

passed through these pores easily and this is useful in terms of reducing back 

pressure.24 On the other hand the surface area of the monolith can be 

increased due to the micropores and mesopores. These pores can contribute 

to increase the surface loading ability of the monolith. Moreover, they 

increase the interactions when using a high flow rate and low back pressure 
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Figure 3.8 SEM image for the glycidyl methacrylate-co-acrylamide 

monolith 

 

 

3.5. FT-IR spectroscopy for glycidyle methacrylate‐co-ethylene 

dimethcrylate-co- acryl amide monolith 

One of the analysises that was used to detect the formation of the polymer is 

the FT-IR spectrum where the FT-IR spectrum gives a clear indication of the 

polymer formation by observing the main peaks in the monomers and the 

polymer formed. However, in the GMA monomer the main peaks 1716.40 

cm-1 for (C=O), 1636.98 cm
-1

 for (C=C), 907.70 cm
-1

 for (epoxy ring), as 

shown in figure (3.7). These peaks refer to the vibrational stretching of these 

functional groups. 
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Figure 3.9 FTIR spectrum of GMA from 500 cm
-1

 to 4000 cm
-1

  

 

On the other hand the FT-IR spectra for A.Am figure (3.8) showed main peaks 

for (C=C) at 1609.83 cm
-1

, (C=O) at 1666.02 cm
-1

, and NH2 at 3338.67 cm
-1

. 
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Figure 3.10 FTIR spectrum of A.Am from 500 cm
-1

 to 4000 cm
-1

 

On the other hand, the IR spectrum for EDMA is shown in figure 3-9. It gives 

important peaks at 1662 cm
-1

 and 1723 cm
-1

, which refer to (C=C) and (C=O) 

groups respectively. 
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Figure 3.11 FTIR spectrum of EDMA from 500 cm
-1

 to 4000 cm
-1

 

The FT-IR spectra of GMA-co-EDMA-co-AAm figure (3.10) shows clear peaks 

for (C=O), (NH2), and epoxy ring. In the same time, the (C=C) peaks in the 

monomers and cross-linker spectra disappears, this being a strong evidence of 

polymer formation. 
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Figure 3.12 FT-IR spectra of GMA-co-EDMA-co-AAm from 500 cm
-1

 to 

4000 cm
-1

 

 

3.6. Brunauer-Emmett-Teller (BET) analysis for glycidyle 

methacrylate‐co-ethylene dimethcrylate-co- acryl amide monolith 

Brunauer-Emmett-Teller (BET) analyses demonstrate the surface area and the 

pore size of the gycidyle methacrylate‐co-ethylene dimethcrylate-co- acryl amide 

monolithic column.  

 The results of Brunauer-Emmett-Teller (BET) analyses are (5.1859 nm), (16.021 

m2/g) of pore size and surface area respectively, in this case pore size and surface 

area are interrelated as pore size is needed for the purpose of flow rate and 

surface area is required to provide a morphological environment for the purpose 
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of creating reactions on the surface. The results are satisfactory, as high flow rates 

are obtained with moderate back pressures, and the reactions are carried out on 

the surface without hindrances. 

 

3.7. 1H NMR spectroscopy for glycidyle methacrylate‐co-ethylene 

dimethcrylate-co- acryl amide monolith 

The prepared polymer (glycidyl methacrylate‐co-ethylene dimethacrylate-co-

acryl amide) is studied using nuclear magnetic resonance spectrometry (
1
H 

NMR), with reference to the monomers it contains on CH2, Alkene CH2 and CH3 

the
1
H NMR spectrum for the prepared polymer Figure 3.11 was showed a signal 

at 3.4 ppm that it belongs to the CH2 group, it also gives a signal at 2.5 ppm 

which belongs to the CH3 group noting that there is no indication of CH2 alkene, 

which appears within 6.4 ppm in all monomers befor polymer formation, and this 

is a good evidence of the formation of the polymer. 
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Figure 3.13. 
1
HNMR spectroscopy for (glycidyl methacrylate‐co-ethylene 

dimethacrylate-co-acryl amide) 
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3.8. Investigation of the irradiation time 

The irradiation time is investigated for polymer formation to have an appropriate 

pore size and surface area was studied, different times are used to indicate the 

appropriate irradiation time as shown in the table 3.1 

 

Table 3.1 Effect of irradiation time on polymer formation 

Irradiation time/min  Result of the polymer formed 

1 The polemer did not form 

2 The polemer did not form 

3 Polymer formed with low back pressure 

4 Polymer formed with moderate back pressure 

5 Polymer formaed with high back pressure 

6 Polymer formaed but blocked 

 

It can be seen from Table 3.1 that the irradiation time is the main factor in which 

the liquid polymer mixture is converted into a solid polymer. Therefore, when 

using an irradiation time of 5 minutes or more, the polymer chains grow rapidly 

and increase in the branching, and thus the resulting monolith has a very small 

porous structure and it is possible these pores become clogged when irradiation 

continues figuer 3.12C. 
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Figure 3.14 Effect of increasing the irradiation time on the growth of 

polymer chains 

On the other hand, when using an irradiation time of less than 4 minutes, the 

polymer strands are few, and the polymer is not solid and has a gelatinous texture. 

Thus, we get an incompletely formed polymer with low efficiency (Figure. 3.12)( 

A),  but when the time is 4 minutes, the polymer branches grow uniformly, and 

the resulting monolith has an ideal pore size and moderate return pressure (figure 

3.12)(B) 

 

3.9. Investigation of the distance between the irradiation source 

and the monolith column 

The distance between monolith column and the irradiation source can affect by 

the formation of the polymer; different distances (table 3.2) between the 

irradiation source and the monolith column have been studied (2-14 cm). It can be 

seen from Table 3.2 during (2-6) cm that the polymer forms very quickly, but the 

polymer is difficult to wash due to the small pore size or that these pores are 

close, and during (8) cm the polymer is formed, but it is difficult to wash with 

high back pressure .When the time is reached (10) cm, the polymer is formed and 
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can be washed easily with moderate back pressure that refer to the monolith with 

desird pore size and surfes eara. 

Table 3.2 Effect of the distance between the irradiation source and the 

monolith column 

Distance /cm Result of the polymer formed 

 2  The polymer is formed, but it cannot be washed 

4 The polymer is formed, but it cannot be washed 

6 The polymer is formed, but it cannot be washed 

8 The polymer is formed and can be washed, but with 

high back pressure 

10 The polymer is formed and can be washed, and 

modrate back pressure 

12 The polymer is formed,but with low back pressure 

14 The polymer is not completely formed 

 

But if the time is 12-14 minutes, the polymer is either formed, but by very low 

back pressure or the polymer is incompletely formed. 

 

3.10. Permeability and the porosity of the Glycidyle methacrylate‐

co-ethylene dimethcrylate-co- acryl amide monolithic 

The permeability of the prepared monolith Glycidyle methacrylate‐co-ethylene 

dimethcrylate-co- acryl amide monolithic was calculated by evaluating the back 
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pressure from a HPLC system pump by pumping distilled water at different rates. 

Figure 3.13 shows the results obtained from this process. 

 

 

Figure 3.15 HPLC pump 

 

It can be noticed from Figure( 3.14) that the back pressure generated in the pump 

increases with the increase in the flow rate until it reaches a flow rate of 2000 

µL.m
-1

and the pressure is stable at this point by 540 PSI, when the flow rate 

increases more than 2000 µL.m
-1

, the pump gives an error signal and the system 

shuts down or that the monolith column slips from the connections as a result of 
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the pressure reaching a critical point, so the flow rate through the column was 

determined from( 20 – 2000) µL.m
-1

 in other experiments. 

 

 

Figure 3.16The relationship between the back pressure and the flow 

rate for the Glycidyle methacrylate‐co-ethylene dimethcrylate-co- acryl 

amide monolithic column 

The porosity of the glycidyle methacrylate‐co-ethylene dimethcrylate-co- 

acryl amide monolithic column is calculated by using the procedure that 

described in paragraph 2.15. The result shows the porosity of the column is 

0.0360. 
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3.11. Swelling measurement of the Glycidyle methacrylate‐co-

ethylene dimethcrylate-co- acryl amide monolithic 

The study of the percentage of polymer swelling is one of the important 

studies to choose the type of solvent to be used in the mobile phase, which 

carries samples, where crosslinked polymers with high molecular weights 

suffer swelling as a result of the diffusion of solvent molecules within the 

crystal lattice of polymers and leads to an increase in its size and this leads 

to the collapse of the polymer when exposed to mechanical stress or high 

pressure, there are two main factors that determine the degree of polymer 

swelling, which are the degree of crosslinking of the polymer and the nature 

of the solvent used. 

Swelling percentage of prepared monolith glycidyle methacrylate‐co-

ethylene dimethcrylate-co- acryl amide was calculated using the equation 

𝑠𝑤𝑙𝑙𝑖𝑛𝑔% =
𝑚𝑡 − 𝑚𝑜

𝑚𝑜
× 100 

Where 

Mo: wihgt of polymer before swlling  

Mt: wihgt of polymer after swlling 

Alcohol solvents, different polar solvents and a mixture of solvents are used 

to test the degree of swelling of the polymer and when applying the equation 

the results appeared as in the tables (3.3), (3.4), and (3.5) 

 

 

 

3.1 
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Table 3.3 shows the percentage swell of the polymer using different 

alcohol solvents 

 

 

 

It can be seen from table (3.3) the polymer swells significantly when using 

hexanol and1- butane, it could be the penetration of solvent molecules into 

the polymeric chain, causing the polymer to swell while the polymer 

remains insoluble. This penetration causes the monoliths to become small, 

causing a high back pressure on the pump, and on the other hand, the 

difficulty of loading samples due to the small pore size While the swelling of 

the polymer is less when using methanol, ethanol and 1-propanol so that the 

polymer maintains its porous structure as shown in Figure (3.17). 

Time/hour Swlling% 

metanol 
Swlling% 

ethanol 
Swlling% 

1-propanol 
Swlling% 

2-butanol 
Swlling% 

hexanol 

1 4.6 6.1 4.1 10.1 12.4 

6 4.6 6.1 4.1 10.1 12.4 

24 4.6 6.1 4.13 10.1 12.5 

120 4.66 6.14 4.16 10.3 12.6 

240 4.7 6.15 4.16 10.5 12.6 

360 4.7 6.15 4.19 10.5 12.9 

480 4.7 6.15 4.19 10.5 12.9 



Chapter three                                                      Results and discussion 

68 
 

 

Figure 3.17 polymer sewlling by using different alcohol solvents 

When using different polar solvents, it can be seen from Table 3.4 that when 

using acetonitrile and formic acid, the polymer begins to swell up to 240 

hours, and then the polymer disintegrates as a result of the penetration of the 

solvent into the crystal lattice, which suffers either from chemical 

decomposition or as a result of swelling pressure, which led to the breakage 

of the polymer, and when used formic acid, the polymer suffers only 

swelling, while the polymer suffers a slight swelling that is almost 

imperceptible, as the polymer maintains its crystal lattice and pore size when 

using water, acetone and benzene figure 3.18 
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Table (3.4) shows the percentage swell of the polymer using 

different polar solvents 

Time/hour Swlling

% 

water 

Swlling% 

acetonitrile 

Swlling% 

aceton 

Swlling% 

formic acid 

Swlling% 

benzen 

Swlling% 

chloroform 

1 2.5 4.3 1.8 3 4.9 7 

6 2.5 4.3 1.8 3 4.9 7 

24 2.5 4.5 1.8 3.2 4.92 7.05 

120 2.55 4.7 1.83 3.3 4.92 7.05 

240 2.56 4.7 1.85 3.5 4.95 7.1 

360 2.56 - 1.85 - 4.98 7.1 

480 2.56 - 1.85 - 4.98 7.1 

 

 

 

Figure 3.18 polymer sewlling by using different polar solvents 
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But when using a mixture of solvents, it can be seen from Table( 3.5) that 

the mixture of water with acetonitrile exposes the polymer to swelling at 

first, and the reason may be attributed to the interaction between the particles 

of the mixture and the polymer, and in the end the polymer disintegrates as a 

result of the chemical decomposition of the polymer, but when a mixture of 

methanol-ethanol, ethanol-water, methanol-water is used, the polymer, as we 

can see from Table 3.5, suffers from a very slight swelling that does not 

affect the size of the pores while the polymer retains its general structure, 

and this indicates that there is no interaction between the polymer molecules 

and no decomposition chemiform figure( 3.17). 

Table (3.5) shows the percentage swell of the polymer by using a 

mixture of two different solvents 

Time   

 

        

hour 

Swlling% 

ethanol 

+ 

methanol 

Swlling% 

Ethanol 

+ 

water 

Swlling% 

Methanol 

+ 

water 

Swlling% 

Acetonitrile 

+ 

water 

1 2.16 4.37 1.63 4 

6 2.16 4.37 1.63 4.1 

24 2.17 4.37 1.63 4.15 

120 2.17 4.37 1.63 4.9 

240 2.19 4.39 1.64 5.3 

360 2.19 4.41 1.66 - 

480 2.19 4.41 1.66 - 
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Figure 3.19 polymer sewlling by using a mixture of two different  

Solvents 

Through the swelling experiments that were conducted on the polymer, we 

can see that its importance lies in giving indications about the mechanism of 

choosing the mobile phase and on the other hand knowing which solvent is 

best used as a preservation solution for the column, as it was found that 

water is the best solution used to keep the column, as the age of the column 

was when it was saved with water distilled up to 70 days. 

3.12. Ring opening reaction of glycidyle methacrylate‐co-

ethylene dimethcrylate-co- acryl amide monolithic by 

hydrolysis 

The epoxy ring in methacrylate can modifying many post-polymerization 

reactions such as functionalisation with amines, functionalisation with thiols, 

functionalization with azide, functionalization with carboxylic acid and 

functionalisation with hydrolysis figure (1.8) Perhaps one of the easiest of 
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these reactions is hydrolysis with the presence of acid as a catalyst, and due 

to the ease of this reaction, it achieves the goal, which is to convert the 

prepared monolith column into an inexpensive ion exchange column, so this 

reaction is used in this study. 

The process of opening the ring is to convert the epoxy ring in the 

methacrylate monomer into a diol group this process was carried out by 

pumping a 0.2 M hydrochloric acid solution by the syringe pump Figure 

(3.18) at a speed of ( 20 µL.m
-1

 )for a period of three hours. The presence of 

acid in the hydrolysis of the epoxy ring reduce the temperatures that must be 

provided during the opening process, as well as shortening the time lees than 

24 hours, the opening process may be takes less than this time, but to ensure 

that the ring is fully opened, the time was considered as 3 hours as a limit to 

fully open the ring. 

 The FTIR technique was used to indicate the epoxy ring opening figure 3.18 

A, B shown the FTIR for the polemer before and after epoxy ring opening. 
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Figure 3.20 FTIR spectrium for glycidyle methacrylate‐co-ethylene 

dimethcrylate-co- acryl amide monolithic (A) before epoxy ring opening 

(B) after epoxy ring opening  
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It can be seen from Figure (3.19) A that epoxy ring which appears at 905 

cm
-1

which disappears after epoxy ring opening figure (3.19) B and the OH 

peak, which appears at 3344 cm
-1

, after epoxy ring opening  and this is the 

good evidence of opening the epoxy ring and transforming to diol groups. 

3.13. Calculation chelating capacity for monolith column 

A chelating capacity of the monolith was estimated from the amount of Cu
2+

 

adsorbed on the prepared monolith Glycidyle methacrylate‐co-ethylene 

dimethcrylate-co- acryl amide by using the following equation  

 

𝑸 =
𝑪 × 𝑽

𝑾
                                        (𝟑 − 𝟐) 

 

Where 

Q is the adsorption capacity of the chelating monolith column, (mmol.g
−1

), 

V is the volume of the eluate (L). 

C is the concentration of (M
2+

) in the eluate (mmol.L
−1

). 

W is the dry weight of monolith inside the column (g). 

 

The process is carried out by passing a 2.5mL solution of copper nitrate with 

a concentration of 10 ppm at a flow rate 10 μL.min
-1

 the flow rate is reduced 

to give enough time for the exchange between ions for 3 hours. After that, 

the column is rinsed using deionized water to remove the remaining 

unexchanged copper ions that reside then; a strongly acidic solution with a 
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concentration of 2 M of nitric acid is pumped into the pores of the column to 

displace copper ions from the column body. The displaced solution is 

collected and quantified. Then the column is washed with deionized water to 

displace the remaining acid particles in the column. 

After applying the data in Equation 3.2, we find that the amplitude of the 

column is 2.3 PPm as follows: 

1.68(𝑚𝑚𝑜𝑙. 𝐿−1) × 0.0025(𝐿)

0.09569(𝑔)
 

 

Q=0.04mmol.g
-1 

Q=2.3PPM 

3.14. Applications of Glycidyle methacrylate‐co-ethylene 

dimethcrylate-co- acryl amide monolithic as as strong cation 

exchange column 

3.14.1. The process of loading samples into the column and 

their displacement 

Initially, the column is connected to stainless steel union adapter attached to 

the peek-tube, then to the peek fitting, then it is connected to the syringe 

containing the sample solution, and then it is tightly connected to the syringe 

pump so that there is no leakage while pumping the sample as shown in 

Figure 3.19. 

 

3 – 3)) 
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Figure 3.21 Loading samples into an ion exchange column 

 

After that, the sample is injected at a flow rate of 20 microliters, and after 

the injection process is completed, the syringe is filled with deionized water 

to removing of the sample residue that fills the pores of the column. Then 

0.2 M nitric acid solution is pumped to activate the column and displaces the 

sample that was separated in the column and collected for estimation. 

 

3.14.2. Copper separation and determination 

Two types of copper samples were used, the first type is a standard solution 

of copper nitrate with a concentration of 2 ppm, and the second type is a 

wastewater sample that was fetched from the wastewater treatment plant in 

Al-Maamera, the samples were injected into the column for separation as in 

paragraph (3.15.1), after collecting samples, samples were estimated by two 
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methods spectrophotometric method and atomic absorption 

spectrophotometer method.  

In spectrophotometric method neocuproine reagent was used to determine 

the eluted copper from the column  after its reduction from Cu
+2

 to Cu
+1

 by 

using uric acid and modifying the pH of the solution in the range (7.5-8) a 

yellow complex formed when Neocuproine react with copper and the 

maximum absorbs of the complex was 455 nm, Beers' Lambert law was 

applied to constrict the calibration curve in the range (0.5-28 ppm) A 

calibration curve is shown in Figure (3.20) and all calculated parameters are 

shown in Table (3.6). 
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Figure 3.22 Calibration curve for spectrophotometric method 

Table (3.6) all the parameters that could be obtained from the 

calibration curve. 

parameters Values 

Range (0.5-28)mg.L
-1 

slop 0.0178 

ɤmax 455nm 

Intercept 0.0006 

R
2
 0.9963 

LOD 0.129 

LOQ 0.353 

Sandle Index µg/cm
2 0.0561 

ɛ(L/mol.cm) 1129 

 

y = 0.0177x + 0.0006 
R² = 0.9963 
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The same samples have been measured in an atomic absorption 

spectrometer. Table 3.7 shows the results obtained for copper ions by both 

methods. 

Table (3.7) the comparison between the calculated concentration of 

copper using spectrophotometric and atomic absorption method 

Type of 

sample 

Spectrophotometric 

determination n=3 

In mg.L
-1 

 Atomic 

absorption 

determintion n=3 

In mg.L
-1 

 

Befor 

using 

column 

After 

using 

column 

RSD Befor 

using 

column 

After 

using 

column 

RSD 

2mg.L
-1

 

(Standard 

solution) 

2.0 1.9331 0.38% 1.9887 1.9676 0.05% 

Wastewater( 

in flow) 

0.1213 0.3404 3.79% 0.1521 0.0420 1.12% 

Wastewater 

(out flow) 

0.0871 0.0652 0.54% 0.0956 0.0260 0.77% 

 

It can be seen from Table( 3.7) that when pumping (2 mg.L
-1

) of copper, the 

results are close between the spectroscopic method and the absorption 

method, which is a clear indication of the efficiency of the ion exchange 

column with a small difference that may be due to laboratory errors. In the 

case of wastewater samples, the concentration of copper ions is in the 
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entering water mor than out water, the reason is that the principle of the 

station work is absolute biological treatment so that bacteria can be fed on 

organic compounds, on the other hand, the wastewater contains many 

elements in addition to the copper element, which was separated by column 

with copper. 

3.14.3. lead separation and determination 

A standard solution of lead (2mg.L
-1

) is used and injected into the monolith 

column as in paragraph (3.15.1) the collected sample was measured by 

atomic absorption spectroscopy; the samples collected from the wastewater 

treatment station in Al-Maamera were also examined using atomic 

absorption spectrometry the results are shown in Table (3.7).  

Table (3.8) the results of the atomic absorption test for lead ions for 

concentrated solution and waste water 

Type of 

 sample 

Atomic absorption determintion n=3 

In mg.L
-1 

 

Befor 

usingcolumn 

After using column RSD 

2mg.L
-1

 

(Standard 

solution) 

1.9808 1.9611 0.09% 

Wastewater( 

in flow) 

0.1521 0.0425 0.71% 

Wastewater 

(out flow) 

0.0901 0.0263 2.52% 
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From Table (3.7) it can be seen that the difference is slight between the 

concentration of the standard solution before and after using the separation 

column, and this indicates the high separation efficiency that characterizes 

the column, as for the wastewater samples, it can be seen that the column 

separated( 0.042) mg.L
-1

 from( 0.15) mg.L
-1

 lead ions present in the water 

entering the station, and (0.026) mg.L
-1

 from( 0.09 ) mg.L
-1

 lead ions were 

separated from the water leaving the station, and this is due to the presence 

of a lot of other ions that It contains waste water that was separated using the 

column in addition to lead ions. 

 

3.14.4. Nickel separation and determination 

A standard solution of lead (2mg.L
-1

) was used and injected into the 

monolith column as in paragraph (3.15.1) the collected sample was 

measured by atomic absorption spectroscopy; the samples collected from the 

wastewater treatment station in Al-Maamera were also examined using 

atomic absorption spectrometry the results are shown in Table (3.8). 

From Table (3.8) it can be seen that the difference is slight between the 

concentration of the standard solution before and after using the separation 

column, and this indicates the high separation efficiency that characterizes 

the column, as for the wastewater samples, it can be seen that the column 

separated (0.7224) mg.L
-1

 from(1.5954) mg.L
-1

 lead ions present in the water 

entering the station, and (0.4235) mg.L
-1

 from(1.2361) mg.L
-1

 lead ions were 

separated from the water leaving the station, and this is due to the presence 
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of a lot of other ions that It contains waste water that was separated using the 

column in addition to lead ions. 

 

Table (3.9) the results of the atomic absorption test for Nickel ions for 

concentrated solution and waste water 

Type of 

 sample 

Atomic absorption determintion n=3 

In mg.L
-1 

 

Befor 

usingcolumn 

After using column RSD 

2mg.L
-1

 

(Standard 

solution) 

1.9921 1.9591 0.38% 

Wastewater( 

in flow) 

1.5954 0.7224 1.49% 

Wastewater 

(out flow) 

1.2361 0.4235 2.68% 

 

3.14.5. Separation and determination of a mixture of copper 

lead and nickel 

2 mg.L
-1

 of each of copper, lead and nickel was mixed in a Becker and 

injected into the monolith column as in paragraph (3.15.1) the displacement 

solution was collected and tested in atomic absorption spectrometry. Table 3 

shows the results obtained from this test. 
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Table (3.10) the results of the atomic absorption test for a mixture of 

copper lead and nickel 

Type of 

 sample 

 

 

 Atomic absorption 

determintion n=3 

In mg.L
-1 

 

Befor using column After using column RSD 

2mg.L
-1

 

(Standard 

solution) 

Cu
2+

,Pb
2+

,Ni
2+ 

Cu
2+ 

1.9851 0.8223 0.94% 

Pb
2+ 

1.9420 0.8010 2.12% 

Ni
2+

 1.9903 0.6742 0.37% 

 

It can be seen from Table 3 that the results indicate that the column separates 

the three ions, but in varying proportions. This is due to the competition 

between the ions. The size of the ion may play an important role in the 

competition. It is known that copper and nickel fall into the same cycle. The 

difference in size is very simple, so it came the results are similar, but the 

lead ion is larger than copper and nickel, so the amount of lead separated by 

the column is less compared to copper and lead. 

 

3.15. Column efficiency study 

The efficiency of the prepared column was studied in the separation process 

by taking several different concentrations of copper solution (0.5, 1, 1.5, 2, 
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and 3) mg.L
-1

 and injecting it into the column and then removing it as in 

paragraph 3.14. 1 In addition, the remainder of the injection process was 

collected for each of the concentrations mentioned above; the copper 

displaced from the column and the residual from the injection process was 

estimated using the neocuproine reagent as shown in paragraph (1.14.3) and 

as shown in Table (3.10). 

Table 3.11 Results of the spectrophotometric mothed of copper 

concentrations displaced from the column and the remainder 

of the injection process 

Appliyed 

concentration 

mg.L
-1 

Copper 

concentration 

displacement 

from column 

mg.L
-1 

RSD% 

Residual 

copper 

concentration 

from the 

injection 

process mg.L
-1

 

RSD% 

0.5 0.4989 0.48% 0.0008 0.39% 

1 0.9985 0.42% 0.0012 0.33% 

1.5 1.4968 0.29% 0.0029 0.11% 

2 1.9885 0.36% 0.0097 0.21% 

3 2.2951 0.28% 0.6981 0.46% 

 

 

We can see from Table (3.10) the high efficiency of the column in the 

separation process, as the concentrations (0.5, 1, 1.5, 2) mg.L
-1

 were 

separated almost completely, with a small amount of copper concentration in 
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the remainder of the injection process, but in the case of concentration 

3mg.L
-1

 the column did not separate it completely This is because the 

column capacity is 2.3mg.L
-1

. 

 

 

3.16. Proof that the polymer was not prepared previously 

Through the foregoing and by reviewing previous studies in the course of 

the research and based on the Sci- Finder program, it is found that the 

polymer is prepared for the first time, and this in turn enhances the accuracy 

and modernity of the prepared polymer, as shown in the figures 

 

 

 

 

 

Figure 3.23 the structural formula of the structural unit of the polymer under study 
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Figure 3.24 adding the polymer composition to complete the series of 

the program sed 

 

Figure 3.25 supplement the search series for the program used 
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Figure 3.26 Accuracy, quality and novelty of the compound under study
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3.17. Conclusions 

Glycidyl methacrylate copolymer monolithic column have been investigated 

using acryl amide alongside to glycidyl methacrylate (GMA). Ethylene 

glycol dimethacrylate (EDMA) is used as cross-linker, while, 2,2-

dimethoxy-2- phenylacetophenone is used as initiator.  This monolith was 

prepared inside the borosilicate tube by in-situ polymerization to produce 

non expensive ion exchange monolithic columns. It is found that the (GMA-

co- EDMA-co-A.Am) monolithic column is formed using (50:50) % of 

GMA: A.AM after 4 minutes of irradiation time. The BET analysis results 

demonstrate that the monolithic column has high average surface area 

(16.021 m2 g-1), with average pore size of (5.1859 nm). 

The GMA-co-EDMA-co-A.Am as polymer monolithic column is 

demonstrated using FTIR and 1HNMR analysis. The results show that the 

polymer has three peaks indicating the presence of (C=O) and epoxy group 

and NH2 group. While (C=C) peak in the monomers, and crosslinker is 

disappeared, this is good evidence for the formation of the polymer by 

incorporation of both monomers and cross-linker using (C=C) bonds, 

moreover the peak of epoxy group disappears after pumping 0.2 M HCl and 

this is good evidence for the formation of ring opening . The 1HNMR 

analysis shows that the (C=CH2) bonds around (6.4) ppm in the monomers 

and cross linker have disappeared in the polymer 1HNMR spectrum. 

The irradiation time is investigated to form the monolith. It was found that 

the monolith is formed after 4 minute, moreover the distance between the 

monolith column is investigated and it is found that the ideal distance is  

10cm in addition the the porosity of the of glycidyle methacrylate‐co-
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ethylene dimethcrylate-co- acryl amide monolithic column is calculated the 

result shows that the porosity of the column was is 0.0360.The chelating 

capacity of the monolith is estimated. It found that 2.3 ppm and the swelling 

of polymer are tested by using different solvents and the result shows the 

water conceder a good solution for keeping the column and water, methanol, 

ethanol and 1-propanol, acetone, benzene, methanol-ethanol, ethanol-

waterand methanol-water a good solvents to use as astatinary phase.The 

GMA-co-EDMA-co-A.Am monolith column is used as an ion exchange 

column after opening the epoxy ring to rmove cataions. 

3.18. Future work 

1- Developing the ion exchange monolithic column by investigating other 

monomers that have different properties to separate different ranges of the 

samples in a single run. 

2-  Developing more ways to modify the epoxy ring to expand the separation 

range of different particles and ions. 

3-  Prepared monolithic columns with wider pore sizes for large molecules 

by tuning the polymerization mixture to give monolithic columns 

significantly enhanced chromatographic performance for large molecules. 

4- Using the amine group in the GMA-co- EDMA -co- A.Am monolithic 

column to   separate the anions and thus prepare a zwitterion separation 

column. 

5- Investigate the length of the GMA-co- EDMA -co- A.Am monolithic 

columns, and the effect on the separation performance. 



Chapter three                                          Results and discussion 

 

90 
 

6- Using other porogenic solvents and studying their relationship to pore size 

and surface area. 

7-Preparation of other types of monoliths such as the inorganic monoliths 

and Hybrid monolith. 
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