Methods and objects of chemical analysis, 2025, Vol. 20, No. 2, 128-134

Innovative Design and Fabrication of Monolithic Columns Inside
Microchip Devices for Determination of Ni(ll) lons

Salam Mohammed Nassert, Ahmed Ali Alkarimit*, and Dakhil Nassir Taht*

T Department of Chemistry, College of Science, University of Babylon, Babylon, 51001 Iraq;

*e-mail: sci.ahmed.ali@uobabylon.edu.iq
*Al-Mustagbal University ,Babylon, 51001, Iraq

Received: February 02, 2025; Accepted: April 28, 2025

DOI: 10.17721/moca.2025.128-134

Copyright © 2025 Salam Mahammed Nasser. Open access article distributed under the Creative Commons

Attribution License CC BY 4.0.

An innovative system was developed by fabricating a polymer-based monolith as an effective cation-exchange column
within a glass microchip, achieved through in situ polymerization of glycidyl methacrylate (GMA), acrylic acid (AAc), and
acrylamide (AAm) via free radical polymerization. Epoxy rings on the monolith surface were subsequently sulfonated
with Na,SO, at 70°C to form (R-SO,Na) groups. The microchip was integrated with a modified HPLC system equipped
with a 3-way sub-valve (25 uL), allowing for the reagent-injection of the imidazole-azo ligand MPDADPI to react with
Ni(ll) ions and form a colored complex at 513 nm within 30 seconds. The calibration curve followed Beer’s law over
the range of 0.001-3.5 ug mL" (R? = 0.9977). Limits of detection (LOD) and quantification (LOQ) were 0.87 and
2.87 ng mL™", respectively. The method was validated using atomic absorption spectrophotometry (AAS).
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Introduction

Metallic nickel is naturally present in the Earth’s
crust, along with various soluble and insoluble nickel
compounds, including sulfides and silicates, which
are found in soil [1]. Dietary intake and occupational
exposure can lead to the accumulation of significant
levels of nickel in various forms within the human body
over a lifetime [2]. Despite this, nickel is not considered
an essential trace element for humans. Although the
levels of nickel components in foods and beverages
are generally considered safe for consumption,
individuals with a nickel contact allergy, who are at risk
of systemic reactions upon ingestion, should limit their
dietary exposure [3]. The removal of heavy metals
from wastewater is increasingly being achieved
through methods such as chemical precipitation, ion
exchange, and the use of functionalized polymers,
among other technologies [4, 5].

The term “monolith” was initially employed in
1993 to denote a singular functional unit of cellulose
sponge utilized for protein separation [6]. Similarly, the
designation “monolithic” rapidly gained prevalence to
describe large, porous polymers produced through
bulk polymerization within a closed mold [7]. Monoliths
have diverse applications, including microfluidics
[8], gas chromatography (GC) [9], catalysis [10],
supported organic processes [11], and solid-phase
extraction [12]. Consequently, substantial molecular
polymers were developed in the late 1950s for the
production of ion-exchange resins with enhanced
osmotic shock resistance and accelerated kinetics
[13, 14]. Additionally, glycidyl methacrylate (GMA)
polymers, a category of reactive resins, have been
discovered and have attracted significant interest [15].
The presence of epoxy groups allows for numerous

modifications [15]. Various techniques can be
employed to modify cross-linked GMA polymers. The
resulting polymers have been applied in ion-exchange
resins, catalyst supports, enzyme immobilization, and
chromatographic separation media [16].

In chiral chromatography, cross-linked polymers
derived from glycidyl and hydroxyethyl methacrylate
have been demonstrated to be effective support
materials [14, 18, 19]. Polymeric monoliths serve
various purposes, including applications based on
ion exchange [16, 17]. lon-exchange chromatography
is a widely utilized technique for the separation
and purification of materials containing charged
biomolecules [20]. A key advantage of monolithic
chromatography is its high flow rate, which facilitates
faster separation. It is comparatively easy to build,
has great permeability, quick mass delivery, and high
efficiency compared to conventional packed bed
columns. This characteristic renders it particularly
suitable for large-scale purification and bioprocessing
applications, where expedited separation can lead to
substantial cost and time efficiencies [21]. Monolithic
chromatography offers numerous benefits over
traditional chromatographic methods, establishing it
as a viable tool for diverse applications. Its high flow
rate and capacity to retain a wide range of molecules
make it ideal for bioprocessing and other applications
necessitating rapid and efficient separation. As
research and development efforts continue to advance
the field of monolithic chromatography, we anticipate
the emergence of even more diverse and innovative
applications in the future [22].

Many analytical methods are used for the
determination of Ni(ll) ions. Ers6z et al. used solid-
phase extraction (SPE) columns filled with materials
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based on molecularly imprinted polymers (MIPs)
to accomplish the most significant of these. Ni had
a detection limit of 0.3 ng/mL and concentrations
ranging from 0.3 to 25 ng mL" [23], while Yang et al.
discovered that concentrations ranged from 0.005-0.3
mol L at a flow rate of 5 mL min-' using rapid column
high-performance liquid chromatography (HPLC) [24];
using online and ICP-MS, Suo et al. discovered that
Ni concentrations ranged from 0.5 to 100 pg L, with a
detection limit of 14.7 ng L' [25]. Chen et al. employed
microwave digestion and RP-HPLC followed by on-
line column enrichment (OLE) to determine the linear
concentration range of 0.01-120 pg L' Ni and the limit
of detection (LOD) of 3.5 ng L [26].

In contrast to earlier approaches, our method uses
an online FIA-HPLC microchip to measure nickel
in wastewater using extremely modest volumes of
isocratic elution (pH = 8) for Ni(ll). Glass is used as
a core material for microchips because of its many
qualities, including its great mechanical stability,
superb optical transparency, impermeability, chemical
inertness, and ability to neither damage nor leak the
active ingredients [27]. Glass is a material that is less
concerning than polymers because of its chemical
compatibility—that is, it is not affected by chemicals.
Additionally, it is resistant to harsh cleaning, allowing
for repeated use in situations where polymers are
typically one-time-use materials. Not all disposables
are the most cost-effective or environmentally friendly
choice [28]. Glass has a substantially higher stability
than polymers. Moreover, glass is resistant to organic
solvents and can withstand higher pressures and
temperatures [29].

This study aims to develop monolithic columns
within microchip devices for the separation and
quantification of Ni(ll) ions, as well as the removal
of nickel ions from aqueous solutions. This study is
likely to be of interest to both polymer and analytical
chemists, as it integrates chromatography with flow
injection and microfluidic injection techniques.

The work presents a novel and innovative system,
achieved by preparing a polymer-based monolith for
effective cation-exchange column chromatography
within a glass microchip by in situ polymerization via
a free radical polymerization process. The microchip
was interfaced with an HPLC system, which was
modified with a three-way sub-valve installed post-
monolith microchip to facilitate the injection of the
imidazole-azo ligand reagent solution. In addition, this
study achieved high precision and rapid estimation
of Ni(ll) ions within only 30 seconds using cation-
exchange column chromatography within a glass
microchip, as evidenced by our findings.

Experimental part

Apparatus

Magnetic stirrer/heater (Heidolph RM Hei-
Standard, Germany), intelligent HPLC pump
(Jasco PU-980, Japan), syringe infusion pump (Kd

Scientific, Holliston, MA, USA), ultrasonic bath (India),
analytical balance (Denver Instruments TP-214,
Germany), double-beam UV-Vis spectrophotometer
(Shimadzu UV-1700, Japan), and atomic absorption
spectrophotometer (Shimadzu AA-6300, Japan).

Chemicals

All chemicals used in this study were of high purity
and obtained from Sigma-Aldrich (USA), unless
otherwise specified. The following reagents were
employed: glycidyl methacrylate (GMA, 98%), acrylic
acid (AAc, 98%), acrylamide (AAm, 98%), ethylene
dimethacrylate (EDMA, 98%), 2,2-dimethoxy-2-
phenylacetophenone (DAP, 99%), and trimethoxysilyl
propyl methacrylate (99%). Solvents included HPLC-
grade acetone, hexanol, and ethanol. Additional
reagents used were sodium hydroxide (NaOH),
hydrochloric acid (HCI), deionized water, and nickel
nitrate Ni(NO,)3.

Fabrication of the Microchip for Monolith Integration

A glass microchip composed of two thermally
bonded layers was used for the fabrication of monoliths.
Each layer was 3 mm thick, resulting in a total chip
thickness of 6 mm. The overall dimensions of the chip
were 50 mm in length and 15 mm in width. Two inlet/
outlet holes (1.5 mm in diameter) were drilled into the
top layer using conventional glass drilling techniques
to allow the flow of the mobile phase. The bottom layer
featured a CNC-milled microchannel with dimensions
of 30 mm (length), 1 mm (width), and 50 ym (depth).
The final chip structure is illustrated in Figure 1.

Surface Preparation of the Microchip (Silanization)

To ensure firm anchoring of the monolith under
high flow conditions, the inner surface of the
microchannel was functionalized via a silanization
process [30]. Initially, the channel was sequentially
rinsed with acetone and deionized water. Surface
activation was then performed by treating the
channel with 0.2 M sodium hydroxide solution for
1 hour, followed by rinsing with water. Subsequently,
the surface was conditioned with 0.2 M hydrochloric
acid solution for 1 hour and again thoroughly rinsed
with deionized water. The channel was then flushed
with ethanol and silanized using a 20% (v/v) solution
of 3-(trimethoxysilyl)propyl methacrylate in ethanol.
Finally, the chip was dried under a stream of nitrogen
gas, rendering it ready for in situ polymerization

Polymerization Process [32]

The monolithic polymer (GMA-co-AAc-co-AAm)
was prepared via in situ free-radical polymerization.
The polymerization mixture was composed of glycidyl
methacrylate (GMA, 500 yL), acrylicacid (AAc, 300 L),
acrylamide (AAm, 400 pL), and ethylene dimethacrylate
(EDMA, 60 pL) as the cross-linking agent. The initiator,
2,2-dimethoxy-2-phenylacetophenone (1 wt% relative
to the total monomer content), was added to initiate
polymerization. A porogenic solvent system consisting
of hexanol (650 yL) and ethanol (1000 pL) was used
to dissolve all components and to induce the formation
of a porous structure. The mixture was purged with
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nitrogen gas for 5 minutes to remove dissolved
oxygen, then immediately introduced into the
microchannel. After sealing the inlet and outlet ports,
UV-initiated polymerization was carried out at 365 nm
for 1 minute. Following polymerization, the monolith
was flushed sequentially with deionized water and
absolute ethanol to remove unreacted monomers and
porogenic solvents.

Preparation of the Strong Cation-Exchanger
Monolithic Column [32, 33]

To convert the reactive epoxy groups on the
surface of the (GMA-co-AAc-co-AAm) monolith
into strong cation-exchange sites, the monolith was
functionalized with a sodium sulfite (Na,SO,) solution.
A 10 pg/mL Na,SO, solution was pumped through the
microchip channel at a flow rate of 30 yL/min for 1

hour at a controlled temperature of 60—75 °C, resulting
in the formation of —-SO,Na groups on the polymer
surface. Following functionalization, the monolithic
column was activated by flushing with 0.2 M HCI, then
thoroughly rinsed with deionized water for 1 hour to
remove residual reagents and stabilize the surface for
subsequent analytical use.

Calibration Curve

A calibration curve for Ni(ll) was established over
the concentration range of 0.001 to 3.5 ug mL™.
Each concentration point was measured in triplicate
to ensure accuracy and reproducibility. Analytical
parameters, including linear regression, coefficient
of determination (R?), and standard deviations, were
calculated using Microsoft Excel and SPSS version 15
software.
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Figure 1. Photograph of the glass microchip used for the separation of Ni(ll) ions (a) and schematic stages of

designing the microfluidic chip (b).

© Methods and objects of chemical analysis, 2025, Vol. 20, No. 2, 128-134 130



Innovative design and fabrication of monolithic columns inside microchip devices for determination of Ni(ll) ions

Results and discussion

Innovative design of the system

The analytical system was designed by integrating
an HPLC pump, a manual injector, the fabricated
microchip, and a three-way sub-valve to enable the
determination of Ni(ll) ions. The configuration and
operation of the system are illustrated in Figures S1-3.

Firstly, deionized water was pumped through the
entire system to wash and remove any substances
that could interfere with the sample. After that, Ni(ll)
(1.5 pg/mL) at 0.5 mL/min was injected in one valve
(universal valve) manually using an HPLC needle
(250 L Restek, USA) into the sample loop (100 L)
in two steps: the first step is called “loading sample” at
load position (No. 4 position to No. 1 position), and the
waste comes out of position No.6, and the second step
pushes the sample toward the microchip as shown in
Figures 1a, b, and c.

Secondly, when the sample travels through the
system, it will pass through the microchip that has the
monolith that was prepared by in situ polymerization
for Ni determination.

Thirdly, the removal process: when the Ni(ll) ions
interact with the active groups (-SO,Na) on the mono-
lith surface, these ions are removed by pumping
0.1 mol/L HCI to remove Ni(ll) ions and activate the
monolith surface.

Finally, when HCI removes Ni (Il) ions, the
eluent solution will interact with the reagent solution
imidazole-azo ligand (E)-2-(4-methoxyphenol)
diazenyl)-4, 5-diphenyl-1Himidazole (MPDADPI) that
was prepared and characterized by Naser et al. (35)
at the sub-valve (3-way) tied (25 uL) that was installed
after the monolith microchip, the reaction time was
only (30 seconds) to form a color complex, as shown
in Figures 2 a, b, and c. After that, the colored complex
was moved towards the detector to draw the signal at
513 nm.

Polymer Formation Inside the Microchip

The successful formation of the monolithic
structure inside the microchip was visually confirmed
by the appearance of a solid white phase within the
microchannel. The (GMA-co-AAc-co-AAm) monolith
was synthesized and previously characterized
by Nasser et al. [5]. The FTIR spectrum of the
unmodified monolith is presented in Figure S4, while
the spectrum after sulfonation is shown in Figure S5.
The disappearance of the characteristic epoxy group
absorption band at 906.14 cm™ indicated successful
ring opening of the glycidyl methacrylate units. Two
new absorption bands emerged at 1016.06 cm™
and 951.62 cm™, corresponding to the symmetric
stretching of —SO, and S-O bonds, respectively,
confirming sulfonation. Additionally, a medium-
intensity N-H stretching vibration, characteristic of
secondary amines, was observed in the range of
3342.49-3199.65 cm™. The peaks at 1160.89 cm™
(C—O esters)and 1721.60 cm™ (C=0 carbonyl groups)
remained unchanged, indicating that these functional

groups were not involved in the sulfonation reaction.

The morphology of the synthesized monolith
was examined using scanning electron microscopy
(SEM). As shown in Figure 2, the monolith exhibits
a highly porous structure composed of a network of
interconnected channels, which facilitates efficient
fluid flow. The presence of macropores (>50 nm)
enables rapid transport of the mobile phase through the
monolithic matrix, thereby enhancing permeability and
minimizing back pressure. In addition to macropores,
the monolith contains a distribution of mesopores
(2-50 nm), which play a vital role in increasing the
surface area and improving the loading capacity
of the column. These structural characteristics are
essential for the effective performance of the monolith
in separation applications. Figure S6 illustrates the
monolith formed within the microchip channel.

Permeability

The permeability of the monolithic microchip
column was evaluated by monitoring the backpressure
generated at various flow rates using an HPLC pump.
The relationship between flow rate and pressure was
used to assess the flow characteristics and mechanical
stability of the monolith. The results, presented in
Table S1 and illustrated in Figure S7, demonstrate
consistent performance across the tested flow range,
indicating the suitability of the monolith for microfluidic
applications.

Calibration Curve

A calibration curve for Ni(ll) was constructed over
the concentration range of 0.001 to 3.5 ug mL™.
The calibration plot is presented in Figure S8. The
resulting calibration curve exhibited excellent linearity,
with a coefficient of determination (R?) of 0.9977. The
limit of detection (LOD), calculated at a signal-to-noise
ratio (S/N) of 3, was 0.87 ng mL™", while the limit of
quantification (LOQ), based on an S/N of 10, was
determined to be 2.87 ng mL".

Precision and Accuracy

The analytical performance of the monolithic
microchip system was evaluated by analyzing
standard solutions of Ni(ll) at various concentrations
(n=3 for each level). The results demonstrated
excellent precision, accuracy, and recovery, confirming
the reliability of the developed method. A comparison
was made with results obtained using atomic
absorption spectrophotometry (AAS), showing strong
agreement between the two techniques. Detailed
values for standard deviation (S.D.), relative standard
deviation (RSD%), recovery, and concentrations found
using both methods are presented in Table 1.

Conclusions

In this study, an innovative microfluidic analytical
system was successfully developed by integrating a
strong cation-exchange monolithic column (GMA-co-
AAc-co-AAm) into a glass microchip. The monolith
was synthesized via in situ UV-initiated free-radical
polymerization, followed by chemical modification
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Figure 2. SEM images of monoliths with scale bars of (A) 1 um, (B) 5 um, (C) 10 uym, (D) 20 ym, and (E) 500 nm.

Table 1. Comparison of Ni(ll) Determination by the Innovative Method and Atomic Absorption Spectrophotometry
(AAS).

Found Con. mg mL""

Conc. of Ni(ll) S.D RSD% Found Con. pug. mL"

ug mL- (n=3) (n=3) Using tr::tlhn:;vative Recovery (%) Using an AAS
0.5 0.001 1.657 0.51 102.04 0.50
1 0.001 0.81 0.91 98.21 0.98
1.5 0.003 1.376 1.52 101.68 1.51
2 0.005 1.621 2.01 99.50 2.10
25 0.003 0.735 2.50 100.00 2.50
3 0.006 1.316 2.98 100.67 2.92
3.5 0.021 1.220 3.48 99.29 3.49
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of the epoxy groups to introduce sulfonic acid
functionalities (-SO,Na), enabling selective cation
exchange. The resulting device was coupled with a
modified HPLC system, incorporating a three-way
sub-valve for reagent mixing and online complexation
with an imidazole-azo ligand (MPDADPI), facilitating
rapid colorimetric detection of Ni(ll) ions.

The system demonstrated excellent analytical
performance, including high precision, linearity (R?
= 0.9977), low limits of detection (LOD = 0.87 ng
mL") and quantification (LOQ = 2.87 ng mL"), and
strong agreement with standard atomic absorption
spectrophotometry (AAS). The methodology allowed
for the determination of Ni(ll) within 30 seconds using
minimal reagent and sample volumes, highlighting
its potential for high-throughput or field-deployable
analysis.

Additionally, the use of glass microchips provides
notable advantages over conventional polymer-based
devices due to superior chemical resistance, optical
transparency, reusability, and pressure tolerance. The
system’s environmentally friendly profile—owing to its
low waste generation, reduced chemical consumption,
and compact design—aligns with the principles of
green analytical chemistry.

This platform opens new avenues for developing
integrated microfluidic devices for trace metal analysis
and can be further adapted for the selective detection
of other environmentally or biologically relevant metal
ions by modifying the monolithic phase or complexing
ligands. Future work may focus on automation,
multiplexed detection, and integration with portable
detection systems for on-site applications.
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