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This study proposed automated centrifugal microfluidic chips (CMCs) as advanced Lab-on-a-Chip systems for
water quality analysis, taking chemical oxygen demand (COD) as an example. The CMCs minimize reagent use,
reduce hazardous waste, and enable precise reaction control through optimized geometric designs by leveraging
centrifugal and Euler forces to enhance particle filtration, liquid transfer, and in situ monitoring. Our novel
settling chamber isolated large particles in digested samples, improving the efficiency of COD detection. Sim-
ulations were conducted to optimize the inclination angle and angular acceleration of the siphon valve, ensuring
stable liquid transfer. The system achieved a 6.85 % improvement in COD detection accuracy, an 88 % reduction
in sample volume, and a 55 % decrease in analysis time. Precision increased by 64.10 %, and uncertainty was
reduced by 47.04 %, maintaining a detection range of 0-150 mgL~! with a Limit of Detection of 4 mgL ™! and a
Limit of Quantification of 12 mgL~'. With a compact, portable design (250 mm x 280 mm x 315 mm, 13 kg) and
low power consumption (33.9 W), the device is well-suited for environmental monitoring and remote water
quality testing. To ensure coherence with the novel CMC chip, we developed the customized CMC microfluidic
equipment in our laboratory. Its adaptability for other difficult water quality parameters, such as total nitrogen
or phosphorus, could boost its applications in public health and sustainable water management.

1. Introduction

Chemical Oxygen Demand (COD), a key parameter in water and
wastewater treatment, represents the total amount of oxygen required to
oxidize organic matter in a sample using a chemical oxidant. The reg-
ulatory method of COD measurement requires dichromate digestion of
organic matter in the sample, followed by a titrimetric or colorimetric

detection (ISO, 6060, 1989; ISO15705, 2002). This method is precise
and widely used in the water sector; however, it is not suitable for field
measurements or automation that often requires measuring large
batches of samples (Kumar et al., 2024). Further, to ensure its sustain-
ability and efficiency, this procedure requires minimizing chemical
usage and digestion time. Table 1 summarizes an ensemble of
dichromate-based COD digestion methods. An overview of COD
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determination methods based on dichromate and non-dichromate
oxidation, utilizing various detection principles such as titrimetric,
colorimetric, and electrochemical techniques, is also given in Table 1S
(Table 1S; Table 1 support documentation). Based on their operational
principles, the most effective conventional method in each category,
evaluated using key performance indicators such as volume of sample,
limit of detection (LOD), limit of quantification (LOQ), precision, ac-
curacy, and Linear Dynamic Range (LDR) of detection, is summarized in
Table 18S. Despite their widespread use, all conventional COD methods
share the following limitations: a. labor-intensive procedures, b. pro-
longed digestion times (typically around 2-3h), c. high chemical con-
sumption, d. the need for filtration before detection, e. large analyte
uncertainty, f. limited portability and automation, and g. excessive
waste generation (Huang and Jiang, 2025; De Vito-Francesco et al.,
2022).

On the other hand, "Lab-on-a-Chip" (LOC) devices, including lab-on-
a-compact disc (LOCD) and centrifugal microfluidic chips (CMCs) have
demonstrated significant potential to improve the efficiency of water
quality analysis (Pol et al., 2017). LOCD technology integrates micro-
channels, reservoirs, and other microfluidic components into a compact
disc platform, enabling advanced fluid manipulation and analysis. CMCs
are widely used in various biomedical applications, such as nucleic acid
analysis, blood sample processing, immunoassays, and point-of-care
diagnostics (Farahinia et al., 2023; Guo et al., 2023). However, their
application in the water sector remains limited. For instance, Hwang
et al. developed a CMC-based system for determining nitrite, nitrate,
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ammonium, orthophosphate, and silicate in water samples (Hwang
et al., 2013), while Lin et al. proposed a microfluidic chip-based sensor
for in-situ detection of biochemical oxygen demand (BOD) (Lin et al.,
2024). Bhuiyan et al. developed a simple microfluidic chip and a novel
automated droplet-based analyzer for in situ monitoring of NHJ con-
centrations in river water (Bhuiyan et al., 2025). Several
non-dichromate oxidation COD measuring techniques suited for in situ
COD measurements have also developed using microfluidic technology
(Yin et al., 2021; Dong et al., 2024; Xie et al., 2024; Li et al., 2022a; Jiang
et al., 2020). Hither to date, most them require specialized sensors and
cost intensive (Dong et al., 2024; Xie et al., 2024; Li et al., 2022a; Jiang
et al., 2020). Further before using them routinely in water industry,
careful data scrutiny is required against regulatory COD measurands’ to
minimize inconsistency in results. To address many of the aforemen-
tioned limitations in conventional COD detection, we developed a
CMC-assisted microfluidic method for determining COD in water and
wastewater using dichromate digestion enabling compatibility with the
regulatory methods (ISO, 6060, 1989; ISO15705, 2002). Further our
method significantly reduces chemical and sample consumption while
improving user-friendliness, automation, and portability for field-based
COD measurements. This technology is particularly well-suited for
deployment in remote or resource-limited settings, enabling on-site
analysis of COD, BOD, total nitrogen (TN), and total phosphorus (TP)
in water and wastewater. Additionally, the CMC cell-integrated micro-
fluidic device can easily be adapted for the determination of total ni-
trogen and total phosphorus in both water and wastewater samples.

Table 1
Comparison of dichromate oxidation chemical oxygen demand (COD) measurement methods.

Method Name LDR / LOD/ LOQ Accuracy (%) Solution Analysis Temperature/ Notes Ref

mgL ! mgL~! mgL ! / RSD (%) volume / Time/ °C
mL min

Standard Method

Open Reflux & FAS 30-700 30 NA Accuracy< 5 ~10 120-180 150 Disadvantage: Toxic @i et al., 2018; Ma,
Titration chemicals (Cr, Hg); Cl- 2017; Qu et al.,

interference; expensive 2011)
chemicals (Ag*)

Closed Reflux & 6-1000 6 NA NA ~2 120 150 Disadvantage: Toxic @i et al., 2018; Ma,
Spectrophotometric chemicals (Cr, Hg); 2017)

Closed Reflux & 30-600 3.6 NA Accuracyl.5 1.5 > 40 150 bubbles, turbidity, and (Carbajal-Palacios
Spectrophotometric _ Cl" interfere et al., 2014)
reduce volume

Modified standard Methods

Microwave-Assisted NA NA NA NA NA 1-15 170 Disadvantage: Toxic @i et al., 2018; Ma,
K2Cr20- Digestion& reagents; safety risks; 2017)

Titration high cost; energy-
consuming

Ultrasound-Assisted NA NA NA NA NA >15 NA Advantage: Low cost, (Li et al., 2018)
K2Cr207 digestion & rapid Disadvantage:
titration Toxic reagents, energy-

consuming

Chemiluminescence (CL) 4-400 2 NA NA NA 1.5 RT Advantage: High (Li et al., 2018)
K2Cr20- digestion, sensitivity, low reagent
luminol-Hz0: for use, fast Disadvantage:
detection toxic reagent

consumption

HJ/T399-2007 (China)- NA NA NA NA NA 60 165 Advantage: Fast, low (Ma, 2017)
K2Crz07 closed reflux reagent use
Spectrophotometry Disadvantage: Narrow

linear range

Electromagnetic Induction NA NA NA NA NA 8 145 NA (Ma, 2017)
Heating -K2Cr207
-Titration (FAS)

New Techniques

Smartphone-based 0-150 NA NA Accuracy. 97 2 >120 150 Advantages: Low-cost, (de Castro et al.,
Colorimetry portable, decentralized 2023)
Potassium dichromate Disadvantages: Image
digestion quality dependency,

chlorine interference,
linear interpolation
errors

NA: not available; RT: room temperature.



Z. Wu et al.

Active microfluidic separation uses external forces (electric, mag-
netic, or centrifugal) for precise particle control, but complex chip de-
signs limit environmental applications. Zhao et al. developed a
centrifugal microfluidic chip (iExoDisc) for automated plasma exosome
isolation, though membrane integration can lead to sealing issues,
clogging, and reduced performance (O’Connell and Landers, 2023).
Hwang et al. employed centrifugal forces with a sawtooth design to
separate particulates in water (Hwang et al., 2013). Feng et al. used a
multi-stage CMC to size-selectively isolate microplastics (MPs) smaller
than 63 pm, specifically designing the system for multi-stage sorting and
detection based on particle size at the micron scale; however, they did
not analyze or focus on the separated fine solid-free solution (Feng et al.,
2025).

Therefore, we employed centrifugal microfluidic chip technology for
the in-situ detection of COD in water. The microfluidic equipment
available in the market does not accommodate the cell platform we
fabricated specifically for the COD detection. Therefore, the entire
microfluidic equipment was fabricated in our laboratory to ensure
coherence with the novel CMC platform and subsequent automation in
the field. The CMC platform utilizes centrifugal, Coriolis, and Euler
forces generated by chip rotation to provide precise fluid control with
simple, motor-driven operation. Thus, optimizing the geometry of the
microfluidic chip is essential for achieving efficient flow regulation,
accurate analyte detection, and reproducible results. Notably, passive
siphon valves require only a rotating motor for actuation, eliminating
the need for external components or manual intervention (Deng et al.,
2014a; Lu et al., 2024a). These valves operate by modulating the chip’s
motion to facilitate fluid pumping. They also enhance solution homo-
geneity, enable sequential fluid transfer and mixing, and significantly
reduce processing time.

To maximize their functionality, CMC designs can be tailored and
optimized through iterative experimental and computational fluid dy-
namics (CFD) simulations (Cai et al., 2023; Lu et al., 2024b). These
simulations help fine-tune geometrical parameters such as chamber
depth, channel width, siphon dimensions, and rotation profiles to ach-
ieve optimal flow control, minimal dead volume, and enhanced partic-
ulate separation (Lu et al., 2024a). Such optimization is particularly
crucial when dealing with real environmental samples that contain
colloids or precipitates, which may otherwise compromise detection
accuracy. The fabricated CMC platform was not compatible with stan-
dard commercial microfluidic equipment; therefore, we designed dedi-
cated microfluidic equipment to meet current stringent performance
requirements.

We have developed a microfluidic method for COD detection with
the following objectives: (i) to design a cell platform incorporating a
membrane-free particulate filtration mechanism; (ii) to optimize fluid
transfer efficiency within the CMC cell assembly by computationally
adjusting Euler centrifugal forces, thereby enhancing sequential liquid
release and siphon valve discharge; and (iii) to develop dedicated
microfluidic equipment integrating a high-throughput CMC platform,
enabling automation capabilities. This microfluidic COD detection
method significantly improves the sensitivity, accuracy, and robustness
of analytical measurements. Further, this method significantly reduces
chemical and sample consumption while improving user-friendliness,
automation, and portability for field-based COD measurements. This
technology is particularly well-suited for deployment in remote or
resource-limited settings, enabling on-site analysis of COD, BOD, total
nitrogen (TN), and total phosphorus (TP) in water and wastewater.
Additionally, the CMC cell-integrated microfluidic device can easily be
adapted for the determination of total nitrogen and total phosphorus in
both water and wastewater samples.
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2. Materials and methods
2.1. Materials

2.1.1. Reagents

A standard solution of potassium hydrogen phthalate (KPH), and
certified 5000 mgL~! KPH standards were purchased from Tanmo
Quality Inspection- Standard Material Centre (TMRM) (ID:
BW20004-5000-500, CAS: 14431-43-7). Analytical grade sulfuric acid
(H2S04) with 98 % purity, silver sulfate (Ag2S04) with > 98.5 % purity
and mercury sulfate (HgSOs with >99.7 % purity, and pharmaceutical
grade potassium dichromate (K2Cr207) with >99.95 % purity was pur-
chased from Sinopharm Group Chemical Reagent Co., LTD (China).

2.1.2. Cell materials

The three-dimensional (3D) model of the centrifugal microfluidic
chip was designed using AutoCAD software. Polymethyl methacrylate
(PMMA) was used to fabricate the chip’s injection-molded components,
while quartz glass was incorporated with PMMA for the upper and lower
detection sheets (Shenzhen Xintao New Materials Co., Ltd, China).
Polyethylene Terephthalate (PET) was chosen for the preparation of the
upper and lower double-sided adhesive tape and pressure-sensitive ad-
hesive (PSA) due to its excellent thermal and dimensional stability
(Nanofilm Materials Co., Ltd, China).

2.2. Methods

2.2.1. Microfluidic cell and equipment development

We developed a new CMC cell along with dedicated microfluidic
equipment tailored for COD detection. The following sections, together
with the accompanying supporting documents, outline the fabrication
details of both the cell and the equipment (Fig. 1, Fig. 2 and Section 2S).

2.2.1.1. Fabrication of centrifugal microfluidic chips. First, the filtered
water sample is injected into the equipment port (Figure S1), where it is
carried over to the loading / in situ digestion chamber (Fig. 1A &
Fig. 1B). The digestion process produces solid residues, including inor-
ganic precipitates such as metal oxides and hydroxides, as well as non-
digestible solids and salts formed during reagent reactions. These re-
sidual particles scatter light and interfere with optical measurements,
making effective residue management critical for maintaining analytical
precision and avoiding contamination. To address this, the chip in-
tegrates three pre-waste pools to the left and above the quantitative
chamber (Fig. 1A). These strategically placed pools are designed to trap
residual solids before the sample advances to subsequent processing
zones (Fig. 1C). At the center of the chip lies the digestion sample
quantitative pool, which ensures accurate and consistent sample volume
for downstream reactions (Fig. 1A). To manage excess reagents and
prevent backflow, a post-waste pool is placed to the left of the quanti-
tative chamber. This chamber collects overflow liquids and contributes
to unidirectional flow control, minimizing the risk of cross-
contamination (Fig. 1A).

Fluid transfer from the quantitative area to the detection pool is
precisely controlled by a siphon valve system located at the bottom of
the quantitative chambers (Fig. 1A). The flow is further regulated by a
throttling valve, which consists of long and narrow microchannels that
introduce hydraulic resistance. This throttling mechanism allows a slow
and controlled passage of liquids, ensuring proper reaction timing and
enhancing mixing efficiency (Fig. 1C). The reagents are released and
mixed with the digested sample to initiate the colorimetric reaction
required for COD or other target analyte detection. The final step occurs
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Fig. 1. Structural layout and operational process of the CMC (A) Internal schematic of the CMC showing key functional components (B) Exploded 3D view of CMC,
and (C) Hlustration of the chip’s fluid control process: quantification of the sample in the setting chambers, followed by the transferring process.

in the detection pool, located at the bottom center of the chip. This re-
action chamber serves as the primary detection zone, where absorbance
measurements are performed by integrated optical sensors or external
readers. The pre-embedded liquid bags (Pool @ stores redox reagent A,
and Pool @ stores redox reagent B) are positioned at both ends of the
fan-shaped chip contains sealed reagents (Fig. 1A). These liquid reagent
bags are essential for detecting total nitrogen, total phosphorus, and
ammonium, with the inclusion of additional processing steps tailored to
each analyte’s specific detection requirements.

PMMA offers excellent optical clarity, chemical resistance, biocom-
patibility, cost-effectiveness, and low weight. In our fabrication process,
internal microchannels are formed by bonding an injection-molded
PMMA substrate to a pressure-sensitive adhesive (PSA) film. Chip
bonding is achieved by applying controlled pressure, typically between
0.2 and 0.5 MPa, for 30-120 s to ensure strong adhesion between the
microfluidic component and the PSA layer (Fig. 1B). The optical trans-
parency of both PMMA and PET supports high-quality signal detection,
which is critical for accurate measurements. Unlike conventional multi-
layered designs, our microfluidic chip features a simplified, layer-less
PET structure that enhances CMC performance and usability by
reducing fabrication complexity while preserving essential functional-
ities (Fig. 1B).

2.2.1.2. Microfluidic equipment design. The microfluidic equipment is a
compact, field-deployable system designed for ease of use, rapid testing,
and real-time data transmission. With a one-click start function and
wireless connectivity, the equipment enables minimally trained
personnel to perform on-site analysis and upload data to a centralized
server for monitoring. Core components include digestion heating,
centrifugal control, liquid injection and transfer mechanisms, a lifting
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module, and photoelectric detection. Weighing approximately 13 kg
and measuring 250 mm x 280 mm x 315 mm in footprint, the equip-
ment is suitable for both stationary and mobile applications (Fig. 2A.B &
Figure S1 for details). Thus, the equipment features a lightweight, high-
strength plastic outer shell for portability, with internal aluminum alloy
structures for durability and heat management. Aerospace-grade mate-
rials and modular design enhance stability, ease of maintenance, and
adaptability. Topology optimization and hollow components reduce
weight without sacrificing strength. Temperature-resistant materials,
shock-absorbing bases, and electromagnetic shielding ensure environ-
mental resilience. Automated assembly and real-time monitoring sup-
port quality control and rapid diagnostics. Ergonomic controls and
safety features like grounding and overload protection ensure user
comfort and secure operation. Overall, it offers a robust, efficient, and
user-friendly solution for on-site water quality analysis.

2.2.1.3. Microfluidic system control and operation. The code was devel-
oped in C/C++ (Figure S2). We used the STM32F407VET6 microcon-
troller as the central control unit for our microfluidic equipment,
enabling precise regulation of rotational speed, timing sequences, and
peripheral control functions (Decoding the STM32F407VET6, 2025).
The detection method employed was rapid reflux digestion combined
with the colorimetric technique. Electrical characterization of the motor
system showed a phase angle of 25.84°, corresponding to a power factor
of 0.9, indicating efficient power utilization with minimal reactive losses
(Section 2S 2.4). The rated torque of the system was measured at
0.15 N-m, sufficient to maintain stable rotational dynamics under the
described operating conditions. The instrument incorporates a
needle-actuator assembly, driven by a stepper motor, to execute precise
downward needle displacement (Fig. 2A.C & Figure S3). The system
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A) Novel Microfluidic system
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Main Controller Board
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Fig. 2. A) Schematic representation of a novel centrifugal microfluidic system and associated equipment. (A) The centrifugal microfluidic chip (B). Outer view of
microfluidic equipment (C) Schematic of custom design with different components, and (D) Fully assembled in-house microfluidic equipment and B) Step-by-step
COD analysis process using the microfluidic equipment: (1) Placing the digestion valves into the instrument; (2) Introducing the microfluidic chip into the in-
strument; (3) Selecting the detection parameter; (4) Transferring the digested liquid into the microfluidic chip; (5) The display on the equipment shows the final
temperature (165°C) when the equipment is set to measure COD; (6) Performing centrifugation; (7) The display shows the final result for COD.

comprises interconnected components centered around a logic control
processor (Figure S4). The water quality detection process is carried out
through a coordinated sequence of operations involving both the
microfluidic chip and the automated detection equipment, each playing
an essential and interdependent role (Fig. 2A.D).

2.2.1.4. Sample digestion. A digestion unit, connected via a pulse-width
modulation (PWM) drive cable, is responsible for chemical digestion
processes. The sample solution bottle undergoes fast digestion through a
specialized heating structure (National Environmental Protection
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Agency, 2008) with a temperature sensor that facilitates real-time
monitoring of the aqueous reagent’s heating process, duration, and
digestion progress (Figure S5.A). The temperature sensor’s output signal
is amplified by an operational amplifier, enabling the full conversion of
the 0°C-165°C range into a 0V-3.3 V voltage range for enhanced ac-
curacy (Figure S5.B). For COD measurements, conventional dichromate
digestion is employed using newly developed miniaturized modules
(Figure S5.C). These modules facilitate digestion at 165°C for 15 min
(Fig. 2B.1). Then, the microfluidic chip was introduced into the instru-
ment (Fig. 2B.2). Testing was then initiated via the touchscreen interface
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(Fig. 2B.3). The system incorporates a component labeled "Press down to
puncture," which is connected to the processor via an I/0 driver. After
digestion, this component rotates 180° to puncture the digestion flask
and transfer the water sample to the inlet pool of the disc chip (Fig. 2B.4)
(Figure S6). When set to measure COD, the equipment displays the final
temperature of 165 °C on the screen (Fig. 2B.5).

2.2.1.5. Results quantification and detection. Sample quantification in-
volves collaboration between the equipment and the chip (Figure S7).
Through centrifugal rotation, the system ensures thorough filtering of
large particles and mixing of the water samples with various chemical
reagents, redox agents, or chromogenic agents (Fig. 1C). The quantifi-
cation chamber is designed to hold 355 uL of sample, with excess
flowing into the waste chamber. The entire transfer process is accom-
plished through the synergistic action of high-speed centrifugal force
and siphon valves (Fig. 2B.6). The chip design accommodates preloaded
reagents for distinct parameters.

The photoelectric detection unit, linked via analog-to-digital (AD)
sampling, measured sample properties using optical methods. The
detection pool length of this chip is 0.5 mm (Figure S8). COD mea-
surements were carried out at 600 nm (Dhanjai et al., 2019a; Li et al.,
2009). This method accurately detects characteristic frequency con-
version signals, improving measurement precision and minimizing error
ranges despite interference signals such as light source fluctuations and
temperature drift in the photodiode (PD) (Figure S9). Optical trans-
mission and reception offered an effective solution, enhancing detection
sensitivity by reducing noise commonly observed in conventional
equipment. Together, these components are managed by the logic con-
trol processor, which integrates data flow, control signals, and me-
chanical actions to ensure the seamless functionality of the centrifugal
microfluidic equipment (Section 2S.2.4). The display presents the final
result of the COD measurement clearly, allowing users to easily read and
record the resulting value upon completion of the analysis (Fig. 2B.7).
Further details are included in the support documentation (Section 2S).

2.2.2. Hydraulics modeling

A Computational Fluid Dynamics (CFD) module was developed to
simulate CMC, enabling the identification of optimal dimensions and
structural design while maximizing space efficiency within the equip-
ment. A 2D model was created to ensure high motion accuracy and
precise results, with an extremely fine mesh applied to the geometry.
The motion was modeled using a rotating domain as a moving mesh,
with its behavior defined globally as an interpolation function. The
simulation analyzed angular accelerations versus inclination angles. All
immersible fluids were computed using the Navier-Stokes equations (Eq.
(1)) and the continuity equation (Eq. (2)) under laminar flow. Addi-
tionally, a time-dependent equation was used to model the system.

p%—l:+p(uov)u:Vo[—pI+K]+F @
pVeu=0 ()]

where p is the density of the given fluid, t is the time, u is the fluid ve-
locity vector, p is the pressure, I is the unitary tensor, and F is the volume
force acting on the fluid. During the numerical simulation, a no-slip
condition was given for the boundary condition.

In the phase-field interface, the dynamics of two-phase flow are
governed by the Cahn-Hilliard equation, which is used to track the
diffusion interface, the region between two immiscible liquids, where
the dimensionless phase field variable, ¢, transitions from —1-1. The
propagation of the two-phase flow interface and the initialization of the
phase field are controlled by the Eq. (3):

o

ot 3)

A
+ueVp=Vellvy
€pf
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where y is the mobility, 4 is the mixing energy density, ¢ is the interface
thickness parameter, and ¥ is referred to as the phase field covariate.

Water and air as fluids, having densities of 1000 kg/m® and 1.61 kg/
m? respectively, with the dynamic viscosities of 8.94 x 10 % Paes and
1.86 x 10° Paes at a temperature of 20°C. The simulation, conducted
using the Time-Dependent method along with Phase Initialization,
couples all the physical phenomena through a Two-Phase Flow and
Phase Field under the Multiphysics node.

2.2.3. Method of analysis

Both the conventional and microfluidic methods for COD detection
follow the same digestion procedure, as outlined in Standard HJ/T
399-2007 (National Environmental Protection Agency, 2008).
Pre-packed reagent mixtures were used, consisting of potassium di-
chromate (K2Cr20-) as the oxidizing agent, sulfuric acid (H2SOa) as the
acid medium, silver sulfate (Ag2SOa4) as the catalyst, and mercuric sulfate
(HgSO0.) as the halide-masking agent. For low COD concentrations (COD
Low, 0-150 mg L!), Reagent A was prepared with 0.015 mol L' K2Cr20,
1.838 mol L' H2SO4, and 0.067 mol L' HgSO.. Reagent B consisted of
5.00 g Ag2SOa4 dissolved in 500 mL of H>SOa. In the microfluidic pro-
cedure, 60 pL of Reagent A and 300 pL of Reagent B were mixed with
250 pL of the sample in the digestion valve. For higher COD concen-
trations (COD g;gn, 100-1000 mg L), Reagent A was formulated with
0.15 mol L* K>Cr207, 1.838 mol L' H2504, and 0.134 mol L' HgSOa. In
this case, 50 pL of Reagent A and 250 pL of Reagent B were combined
with 350 pL of the sample in the digestion valve.

To perform COD analysis using the microfluidic method, the pre-
pared digestion vial was placed into the instrument’s designated
digestion slot, and the corresponding microfluidic chip was inserted into
the centrifuge disk. The test was initiated by clicking the “Start” button
(Fig. 2B.3); the subsequent process was fully automated. The digestion
vial was heated to 165 °C for 15 min to complete the reaction. During
digestion, potassium dichromate (Cr®*) is reduced to trivalent chromium
(Cr3*) under acidic conditions, while organic matter is oxidized to car-
bon dioxide (CO2).

2KCgH504 + 10K5Cry07 + 41H2S0O4 —16CO45 + 46H20 + 10Cry(SO4)3
+ 11K5S04

Following digestion, the sample is introduced into the microfluidic
chip, where it undergoes particle filtration. The filtered solution then
flows into the chip’s detection chamber for absorbance measurement.
The total analysis time for the microfluidic COD method is approxi-
mately 25 min.

In the dichromate COD method, absorbance measurements at
600 nm and 440 nm are used to quantify COD levels. For high COD
concentrations (100-1000 mgL™), absorbance of trivalent chromium
(Cr®*) at 600 nm is measured, while for low COD concentrations (0-150
mgL™!), absorbance of residual hexavalent chromium (Cr®*) at 440 nm is
used. This approach is based on the redox behavior of chromium: at high
organic loads, most Cr®* is reduced to Cr*, resulting in strong Cr**
absorbance and minimal remaining Cr®*, making Cr® absorbance unre-
liable. Conversely, at low COD levels, only a small fraction of Cr® is
reduced, leading to high Cr® absorbance and negligible Cr** formation,
making Cr®* detection unreliable. Cr®* and Cr® exhibit strong visible
absorbance peaks at 600 nm and 440 nm, respectively.

Chloride is the primary interference in the dichromate method, as it
can be oxidized by dichromate in the presence of H2SOa, resulting in an
overestimation of COD. To eliminate this interference, mercuric sulfate
(HgS0.) is added to the reaction mixture in the standard method
(Quintana et al., 2018). HgSO4 binds with chloride ions to form soluble
mercury—chloride complexes, effectively preventing their oxidation.

HgSO, + 2Cl~—»HgCl, + SO~

A weight ratio of Cl- to HgSOa4 of 1:10 should be maintained to
effectively mask chloride interference (Geerdink et al., 2017). However,
the masking efficiency of HgSOa is reliable only up to chloride
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concentrations of 2000 mg L (Carbajal-Palacios et al., 2014; Geerdink
et al., 2017).

2.2.4. QA/QC and performance evaluation of COD measurements

Standard KHP solutions with concentrations of 16, 30, 75, 125, and
150 mgL ! were prepared by diluting 5000 mgL ! standard KHP solu-
tion, and COD was analyzed using conventional and microfluidic
methods (Section 2S.3.2). Similarly, to validate the reliability of the
method, certified COD solutions having concentrations of 20, 50, 75,
100, 300, 500, and 800 mgL ! were analyzed using conventional and
microfluidic methods. Each measurement was conducted in three rep-
licates. The coefficient of variance (CV), accuracy, uncertainty, range,
and reproducibility were calculated and compared. The detection limits
and dynamic range of the two methods were also determined. The co-
efficient of variation is used to estimate precision. When calculating the
uncertainty, the uncertainty in solution preparation and the uncertainty
in absorption measurement were considered (Sanchez, 2024).

2.2.5. Analysis of real-world water samples from China and Sri Lanka

To account for the practicality of the method, environmental samples
were analyzed. Water from five sewage treatment plants in China
(Tangxun Lake sewage treatment plant, Sanjintan sewage treatment
plant, North Lake sewage treatment plant, Huangjiahu sewage treat-
ment plant, and Erlangmiao sewage treatment plant) and Wastewater
from five industries (wastewater from a pharmaceutical factory, effluent
from a sewage plant, sewage from a coal gasification plant, wastewater
from a semiconductor plant and Domestic wastewater of an office park)
were analyzed onsite using microfluidic instrument. Another set of
500 mL samples was collected into polyethylene bottles for conven-
tional COD analysis. As a preservation method, sulfuric acid was added
to keep the pH< 2, and the samples were stored at 4 0c. Before analyzing
for COD, the pH of the samples was adjusted back to 6 —9 with 0.1 mol/L
sodium hydroxide. In addition, water samples from 4 locations in Sri
Lanka (Dewalagama Canal, Ma Oya, Kuda Oya, and Tap water) were
collected and preserved as mentioned above and were analyzed using
conventional and microfluidic methods. The Relative bias of the mea-
surements was calculated (Dan et al., 2005) as an account of the per-
formance of the methods. The GPS coordinates of these locations were
given in Table 7.

2.2.6. Analyzing the field usability of CMC

Assessing the usability of the novel method in field applications is
essential to determine its potential as a user-friendly, reliable, and
efficient alternative for COD analysis, particularly in settings with
limited access to resources, equipment, and power. To support this
assessment, a questionnaire was developed to compare the field us-
ability of both the microfluidic equipment and the conventional COD
analysis method described in Standard Methods (5220 CHEMICAL,
2025). The questionnaire focused on nine parameters: portability,
throughput, cost efficiency, multiplexity (the ability to perform multiple
processes), miniaturization, ease of use, energy efficiency, program-
mability, and durability. These characteristics were selected because
they directly influence operational performance and overall usability
under field conditions. They represent the key functional attributes
necessary for consistent performance in resource-constrained or envi-
ronmentally challenging settings. Each question included a brief
description along with a list of key performance indicators (KPIs) that
respondents were asked to consider when evaluating each method.
Table 2 summarizes the critical factors considered in the method
evaluations.

Participants were instructed to rate each parameter on a numerical
scale from O to 10, where O represented the poorest rating and 10 the
highest. The questionnaire was distributed to a group of 30 individuals
to ensure statistically significant results (Section 6S). The group
comprised researchers, graduate students, laboratory technicians,
research assistants, and engineers all of whom had prior experience with
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Table 2
Comparison of Key Performance Indicators (KPIs) for Performance of CMC
microfluidic method.

No Parameters Key performance indicators
1  Portability Weight, size, and ease of transport
2 Throughput Speed of analysis and sample processing rate
3 Cost efficiency Consumables cost and cost per test
4 Multiplexity System design and functional compatibility
5  Miniaturization Compactness, integration of components, and sample/

reagent volume

User interface, training requirements, and automation
level

Energy usage for one analysis

Customization and automation

Resistance to environmental factors (dust, water, shock)

6  Ease of use

7  Energy efficiency
Programmability
9  Durability

o]

both conventional COD monitoring and the novel microfluidic equip-
ment. The responses were collected and analyzed to compare the per-
formance and usability of the two methods.

3. Results and discussion
3.1. Centrifugal microfluidic chip

The centrifugal microfluidic chip (CMC) integrates a quantification
chamber, settling chamber, reagent pre-embedded pools, waste cham-
ber, siphon valves, and detection chamber to streamline liquid handling
and analysis (Fig. 1). This integration minimizes labor-intensive prep-
aration, reducing contamination risks and enabling rapid, consistent
chemical reactions while eliminating the need for external fluid control
systems, thereby simplifying the workflow. In the solution release of the
digestion zone, a sharp cylindrical structure punctures the silicone
gasket of a headspace bottle, allowing liquid to flow into the chip by
gravity (Figure S6).

The CMC operates through two distinct rotational steps: one dedi-
cated to fluid quantification and the other to fluid transfer. These steps
utilize physical forces to manipulate fluids for various processes, such as
filtration and valving, as illustrated in Fig. 1C.In these systems, cen-
trifugal force (F¢) and Euler force (Fg) are the primary drivers of fluid
flow, significantly influencing radial movement (Lu et al., 2024b).
Centrifugal force propels the liquid outward along the radial direction
within the rotating frame, while Euler force acts perpendicular to the
centrifugal force during chip acceleration or deceleration. Euler force
plays a critical role in fluid dynamics, especially when changes in the
platform’s motion alter the forces acting on the liquid, effectively
guiding its movement (Deng et al., 2014b; Li et al., 2022b). These forces,
quantified by Egs. (4) and (5), can be precisely regulated by adjusting
the angular velocity (o), as shown in Fig. 3A.

F. = po*r 4
dw

The dual-force system efficiently transports liquid from the sample
tank through the filtering and quantification chambers, along the siphon
channel, and into the detection chamber. The relationship between
angular velocity (o), centrifugal force (F¢), and Euler force (Fg) during
liquid release is illustrated in Fig. 1C. The Coriolis force, which acts
perpendicular to fluid velocity, redirects the flow without altering its
magnitude, enabling precise control within CMC (Deng et al., 2014a).

This mechanism supports fluid transfer during COD analysis through
a structured four-step process, as illustrated in Fig. 3B. In CMC opera-
tion, two distinct rotational phases are employed to achieve specific
functions (Fig. 3A). During the initial phase (Process I), a low angular
velocity is maintained to enable effective filtering and quantification. By
finely tuning the rotational speed, the resulting centrifugal force in-
creases proportionally, ensuring accurate liquid handling. Any excess
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Fig. 3. A) Dynamic analysis of the system’s operation, B) Schematic illustration, and high-speed camera images (A-D) capturing real-time fluid movement and color

development on the chip during the COD detection process.

liquid is directed into a waste chamber to prevent overflow (Fig. 3B.B).
In the subsequent phase (Process II), the rotational speed is further
increased. This generates a sufficient driving force to overcome the
siphon valve threshold, allowing controlled transfer of fluid into the
detection chamber (Fig. 3B.C). During this release, the centrifugal
platform also generates a transient Euler force, which surpasses the
centrifugal force, efficiently propelling the sample through the con-
necting channel toward the detection zone (Fig. 3B.D). The schematic
uses color coding to denote various reagent mixing stages; however,
these colors are illustrative and do not represent final colorimetric
outcomes.

Beyond COD detection, the CMC platform can be extended to mea-
sure total nitrogen, total phosphorus, and ammonium by integrating
additional modules (Section 3S). Pre-filled reagent bags are embedded
at both ends of the fan-shaped chip (Fig. 1A). Upon mechanical actua-
tion, a triangular piercing element at the base of a cylindrical structure
ruptures the film of each bag, releasing the reagents into designated
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chambers (Fig. 1A). The released liquids mix within specified zones,
initiating analyte-specific chemical reactions and color development
(Figure S10.D to S10.G). The system then conducts absorbance mea-
surements to ensure precise and efficient quantification of each target
compound.

3.2. Designs of geometrical parameters

3.2.1. Quantification process

By precisely controlling fluid dynamics, the quantification process
ensures optimal particle separation while accurately filling the quanti-
fication chamber for seamless transfer to the detection chamber. Cen-
trifugal force pushes larger particles outward, while smaller particles
remain near the center, enabling effective separation based on size and
density (Al-Fagheri et al., 2017; Lenz et al.,, 2021). This prevents
blockages and interference with chemical reactions, minimizing light
scattering or absorption in the detection pool for highly reproducible
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results (Templeton and Salin, 2013a). The system maintains laminar
flow, reducing turbulence and ensuring effective particle settling
(AlMashrea et al., 2024). Particles are deposited in three distinct loca-
tions, minimizing cross-contamination between the sample and waste
while enhancing overall efficiency. This design highlights the intricate
interplay of centrifugal and Euler forces in fluid and particle control,
emphasizing the need for precise geometrical and dynamic optimization
for efficient microfluidic chip performance.

3.2.1.1. Setting chambers. Settling chambers are strategically integrated
into the microfluidic chip to ensure accurate water sample analysis,
serving as a crucial safeguard in the detection process (Fig. 1C). The
system’s geometry plays a key role in balancing Euler and centrifugal
forces, directly impacting the efficiency of particulate matter collection.
Initially, particles remain in position A due to the resultant force
(Fig. 4A). Once the system reaches its target velocity, angular acceler-
ation drops to zero (Fg = 0), leaving only centrifugal force (Fc(n)) to
drive fluid movement. This force pushes fluids outward, propelling them
toward the chip’s edge. Pre-waste tank-1 (chamber BEFG) (4.4 x 2 x
0.6 mm) is the first filtration stage, designed to trap large particulate
impurities entering through the inlet (Fig. 4A). Pre-waste tank-2
(chamber GFIH) (3.2 x 3.3 x 3 mm) collects smaller impurities,
featuring a 1.7 mm diameter opening that effectively captures particles

~__=—"

(C)

(D)
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< 1.7 mm (Fig. 4A). This chamber efficiently removes impurities from
aqueous samples, such as potassium persulfate suspensions in reagents.
Under centrifugal force, smaller particles follow the Euler force (EF)
surface and become trapped in pre-waste tank 2 (Fig. 4C, D & E). After a
set period, impurities are directed into the settling chamber, such as pre-
waste tank 2 (Fig. 4F). As the water sample flows along path A-B-G, it
sequentially fills pre-waste tank 1 and pre-waste tank 2 before entering
the quantification tank. During deceleration, as centrifugal force de-
creases to zero, the Euler force also diminishes, and the front waste tank
fills to a height of 0.6 mm (Fig. 4G). The third filtration stage is the
sedimentation  collection tank (chamber JKL), measuring
1.5 x 1.3 x 4 mm (Fig. 4B). This chamber captures suspended impu-
rities, particularly those with densities close to that of water. Fine par-
ticulate matter, less affected by centrifugal force due to its small size and
density, is effectively trapped within this chamber (Templeton and
Salin, 2013b), ensuring efficient separation and collection before the
quantification chamber.

High-speed camera analysis reveals the intricate fluid dynamics
during both acceleration and deceleration phases in centrifugal micro-
fluidic systems. At a high angular acceleration (300 rad/s?), the Euler
force (Fg) becomes the dominant driving factor in the early phase of
rotation. This results in a distinct force vector acting at an angle to the
radial path, promoting early-stage impurity separation (Fig. SA & 5B).

(E)

Fig. 4. Design and operation of the microfluidic chip during centrifugal particle separation. (A) Layout of pre-waste tanks 1 and 2 for sequential particle filtration.
(B) Sedimentation tank (JKL) for trapping fine (C) Force dynamics during fluid flow: initial particle retention, (D-F) transition under centrifugal force, and (G) final

stabilization during deceleration.
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Fig. 5. Sequential stages (A-G) illustrating the behavior of fluid and particles under the influence of A-D) high angular acceleration and (E-H) low angular accel-

eration with centrifugal force (Fc) and Euler force (Fg) in a microfluidic chip.

However, this strong Euler force may counteract the radial fluid
movement induced by centrifugal force (F¢), preventing particles and
fluid from effectively reaching the pre-waste pool (Fig. 5C). During the
deceleration phase, the Euler force again becomes dominant, which
disrupts the intended outward fluid flow and leads to the underfilling of
the quantification chamber (Fig. 5D).

In contrast, at a much lower angular acceleration (20 rad/s?), the
Euler force is minimal, but the centrifugal force alone is insufficient to
propel the fluid toward the quantification zone. As a result, the liquid
fails to reach the quantitative chamber altogether (Fig. 5E). Due to weak
radial propulsion, the fluid remains mostly in the upper region of the
pre-waste tanks (Fig. 5F&5 G). Upon deceleration, part of the fluid is
redirected into the waste chamber, while solid impurities remain trap-
ped near the injection zone, particularly in the lower edge of the in-
jection cell (Fig. 5H).

These experimental observations demonstrate that an intermediate
angular acceleration of 80 rad/s?, combined with a target rotational
speed of 750 rad/s, achieves a balance between Euler and centrifugal
forces. This condition ensures efficient liquid transfer while minimizing
impurity retention in undesired areas. Maintaining a constant rotation
for 8 s allows precise volumetric filling of the quantification chamber.
Together, these findings emphasize the necessity of carefully tailoring
both the rotational profile and chip geometry to achieve reliable fluid
control and effective particle separation in CMC platforms.

3.2.2. Transferring process

The transferring process involves the controlled movement of fluid
samples through a microfluidic system, where precise management of
pressure, flow rate, and fluid dynamics ensures accurate sample
handling (Malloggi, 2016). Effective transferring is crucial for achieving
accurate measurements, proper particle separation, and preventing
backflow or unwanted mixing, thereby optimizing the overall efficiency
and reliability of the system (Wang et al., 2024a). In centrifugal
microfluidic platforms, centrifugal force acts radially outward, effec-
tively replacing gravity’s role in traditional siphon action to drive fluid
movement. Since these chips are positioned horizontally, gravity acts
perpendicular to the fluid’s movement and has no impact on the siphon
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effect. Instead, the siphon action is entirely driven by centrifugal force,
created by artificial gravity, making it independent of universal gravity
(Strohmeier et al., 2015). The siphon valve controls fluid transfer by
allowing flow only when specific pressure and liquid height thresholds
are met, preventing backflow and ensuring smooth, precise sample
movement between the quantitative chamber and detection chamber.
The structural design of the siphon valve’s microchannel plays a pivotal
role in this process, as illustrated in Figs. 6C to 6G.

After the quantification process, the centrifugal platform generates
an Euler force much greater than the centrifugal force, enabling the
liquid to be released from the quantitative chamber and efficiently
driven through the siphon valve into the detection chamber, as shown in
Fig. 6. The movement of the liquid in the sample chamber is affected by
both centrifugal and Euler forces. At lower angular velocity, the Euler
force is the primary driving force (Fig. 6A). Under the influence of the
Euler force, the liquid moves from the quantitative chamber, overcomes
the resistance at the low crest, and flows through M3 (Fig. 6B). As time
progresses, the centrifugal force increases in magnitude and eventually
becomes the primary driving force propelling the liquid radially until it
fills the entire channel (Fig. 6C). When the chip reaches a constant
rotational speed, the centrifugal force fully activates the liquid, trans-
ferring it from the sample chamber to the collection chamber. Once the
water level in the quantitative cell drops below the Ms point, the
remaining water is continuously drawn through the siphon effect into
the microchannel of the siphon valve (Fig. 6D). This process continues
until the centrifugal force halts at the equilibrium pressure P;=P,
generated at the My point. Further, it is decelerated to 0 under the action
of reverse acceleration, and M3 prevents the water sample from flowing
back to the quantitative chamber (Fig. 6E). To ensure complete transfer
of the water sample, it is crucial to carefully design the angular accel-
eration, centrifugation time, and volume of the sample in the quanti-
tative tank. Additionally, variations in water sample density and
required centrifugation times for different parameters must be consid-
ered to guarantee efficient and thorough transfer.

3.2.3. Geometric parameters of the transfer process
The influence of various geometric factors on the angular
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Fig. 6. Sequential liquid transfer via Euler and centrifugal forces. (A) At low speed, the Euler force (Fg) dominates and initiates inward flow. (B) Fg pushes liquid over
the siphon crest (Ms). (C) Centrifugal force (F¢) reached maximum and drives flow through the siphon. (D) At steady angular velocity, the siphon continues until
equilibrium at My (P, = P3). (E) During deceleration, reverse Fg prevents backflow, and M3 blocks return flow.

acceleration is required for precise control of sequential liquid release
from multiple Euler-force-driven siphon valves. The specific geometrical
parameters explored with the siphon valve included the inclination
angle (o), the length of the channel (1), the depth of the channel (d), the
width of the channel (w), and the radius from center to siphon inlet (r)
(Fig. 7A). The efficiency of the liquid transfer process heavily depends
on the magnitude of the angular acceleration. To maximize the volume
ratio, it is essential to define specific geometrical parameters for the
microfluidic chip’s siphon valve. Acting as the heartbeat of the CMCs,
the siphon valve masterfully regulates fluid movement through rota-
tional forces, ensuring precise and autonomous control that drives
seamless and efficient microfluidic operations.

The selected siphon channel dimensions (0.2 mm width and 0.1 mm
depth, with an aspect ratio of 0.5) are optimal for precise fluid flow
control (Siegrist et al., 2010). The siphon valve is located radially, and

the Euler force primarily governs its activation. As shown in Eq. (4),
when the siphon valves are positioned farther from the center of rota-
tion, their centrifugal radius increases, requiring a minimum angular
acceleration for the complete release of fluid. The siphon inlet is posi-
tioned 36 mm from the center, and the disc is designed to operate within
a low acceleration range of 250-750 rad/s? In practice, low accelera-
tions, typically reserved for routine operations like shake-mode mixing
on centrifugal microfluidic platforms, are preferred (Grumann et al.,
2005). While siphon actuation at low accelerations simplifies the
hardware, a negative relationship exists between the inclination angle
and angular acceleration, as indicated in previous studies (Lu et al.,
2024a; Li et al., 2022b).

Experiments were conducted to determine the optimal length of the
siphon valve for effective liquid transfer (Section 4S). Results revealed
that a siphon valve length of 19 mm or more effectively prevents leakage
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Fig. 7. (A) Schematic diagram of geometric parameters and fluid transport in a centrifugal microfluidic platform under different angular accelerations. Sequential
snapshots (B) at 750 rad/s% and (C) at 250 rad/s (Legend shows the volume fraction of fluid: blue for air, maroon for liquid, and a yellowish gradient for the

air-liquid interface).
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during dosing, ensuring accurate and reliable liquid transfer. At a
rotational speed of 2500 rad/s, a siphon valve length of < 21 mm en-
sures the complete transfer of samples from the quantitative chamber to
the detection chamber. In time-consuming tests at 2500 rad/s, the
minimum time required for the liquid to fully pass through the siphon
valve was optimized at 19 mm, with a recorded duration of 45 s s. Due
to the physical constraints of the chip’s planar layout and limited ver-
tical height, the maximum practical inclination angle has been experi-
mentally determined to be 33°.

The impact of inclination angle on siphon valve operation was
analyzed using CFD simulations at various inclination angles and
angular accelerations. The centrifugal and Euler forces produced by the
rotation of the valve structure around the axis were used to represent the
volumetric force. Zero pressure boundary conditions were applied at
both the inlet and outlet boundaries, while no-slip boundary conditions
were enforced on all other surfaces. The contact angle of the water-
wetted wall was set to 70° on PMMA (Ma et al., 2007). In the initial
stage of the simulation, an extra-fine mesh was employed to construct
preliminary models for identifying the optimal angle of inclination.
Based on these results, an angle of 33° was selected for the second stage,
as it closely matched experimental observations (Table 3). To improve
accuracy, a very fine mesh was used in the second stage. The simulation
was conducted in a two-dimensional (2D) domain, which inherently
limits the inclusion of certain physical phenomena. A three-dimensional
(3D) model incorporating all relevant physical parameters would likely
provide results that more closely reflect real-world behavior.

It is important to emphasize that this simulation served as a pre-
liminary step to validate the dimensional configuration prior to exper-
imental trials. For enhanced precision and realism, future simulations
should include additional physical effects and be performed in a fully 3D
environment. At the 33° inclination, mesh refinement was applied to
prevent liquid overflow, reduce abnormal pressure variations, and
eliminate irregularities in the velocity vector field. The high average
mesh quality indicates a lower likelihood of numerical errors, thereby
enhancing the reliability of the simulation results. The numerical out-
comes, presented in Figs. 7 and 8, support the validity of the selected
design parameters.

As shown in Table 4, at a rotational angular acceleration of 250 rad/
s%, the liquid filling process in the siphon valve takes the longest time
due to the weaker forces driving the fluid (Fig. 7 C). With lower accel-
eration, the liquid moves more slowly, and surface tension and viscosity
effects dominate, resulting in a gradual filling process with predomi-
nantly laminar flow. In contrast, at 750 rad/s?, the significantly higher
acceleration increases the velocity of the fluid, leading to instabilities
and a transition from laminar to turbulent flow (Fig. 7B).

While higher acceleration reduces filling time, 500 rad/s* angular
acceleration with a 33° inclination angle proves to be the optimal choice
for balancing efficiency and controlled flow behavior (Fig. 8). To further
enhance the system, flow stabilization techniques such as modifying the
siphon valve geometry or incorporating flow restrictors help minimize
turbulence at higher accelerations, ensuring more efficient and precise
liquid transfer.

Following siphon valve operation, the solution is fully transferred
into the quantitative chamber within 50 s, reaching an angular velocity
of 2500 rad/s under an acceleration of 500 rad/s%. The subsequent sac
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release process is initiated by a mechanical ejector needle puncturing
the capsule membrane, releasing the redox reagents A or B into the
detection cell. These reagents mix with the water sample, triggering a
colorimetric reaction. This integrated process guarantees precision, ef-
ficiency, and consistency in fluid handling within the microfluidic sys-
tem. Efficient mixing is vital for achieving homogeneity in samples
undergoing chemical reactions within the chip. Centrifugal micro-
fluidics utilizes intrinsic forces such as the Coriolis force and external
perturbations to enhance mixing. Techniques have been developed
where changes in rotational speeds generate shear-driven flows that
significantly reduce mixing times from several minutes to just seconds
(Tang et al., 2016).

3.3. COD measurement

3.3.1. Optimization and justification of digestion time

The conventional dichromate digestion explained in the ISO method
involves 2 h of reflux time (ISO, 6060, 1989; Jiang et al., 2020; Dhanjai
et al., 2019b). The microfluidic method is designed to reduce digestion
time, and the justification is required. A 200 mgL~! COD solution was
analyzed using the microfluidic method with varying digestion times.
Three replicates were analyzed, and accuracy was calculated.

According to the data illustrated in Table 5, after the digestion for
more than 15 min, the adsorption values of the microfluidics system are
relatively stable. The digestion time of 2 h is attributed to the large
volume of the samples (2 mL). In the microfluidic system, the sample
volume is only 240 pL. Hence, in reduced time, it is possible to digest the
organic matter in the sample and possible to give accurate COD values.

3.3.2. Method validation

The major environmental concern of the conventional COD analysis
is the release of high amounts of heavy metals (Cr, Hg, and Ag) into the
environment. Long reflux time and the bulkiness of the operators reduce
the suitability of the method’s field application (Kolb et al., 2017). The
microfluidic method has reduced the volume of reagents used by
91.58 % compared to the conventional method, lowering the release of
toxic chemical waste to the environment and reducing the bulkiness of
the apparatus. The developed method has achieved a 55 % reduction in
total analysis time, cutting the process by almost half compared to the
conventional method. This directly reduces energy consumption, which
is particularly advantageous for field analysis. Moreover, the micro-
fluidic method is automated. Thus, there are no time gaps between the
steps of the process. This benefit is not in the conventional method.
Quick analysis is essential when analyzing rapidly changing environ-
mental samples. Furthermore, the driving technology in the microfluidic
equipment only needs an ordinary motor, which has low power con-
sumption and requires a small space. As shown in Table 6, our method
has shown an enhanced performance over conventional methods con-
cerning accuracy & RSD (96.71 % & 2.90 %), LOQ (12 mg mgL’l),
sample volume (0.66 mL), analysis time (< 25 min), cost per sample,
and automation capability.

3.3.3. Precision, accuracy, uncertainty, range, and reproducibility
The microfluidic method of analyzing water quality exhibits several
advantages over conventional analysis. Tables 5S and 6S show standard

Table 3
Mesh elements, AEQ, and physics settings at different inclination angles and angular acceleration.
250 rad/s?* 500 rad/s* 750 rad/s>
ME AEQ PS ME AEQ PS ME AEQ PS
63° 21,548 0.8691 Extra fine 21,548 0.8691 Extra fine 21,548 0.8691 Extra fine
53° 18,913 0.8668 Extra fine 18,913 0.8668 Extra fine 18,913 0.8668 Extra fine
43° 17,490 0.8600 Extra fine 17,490 0.8600 Extra fine 17,490 0.8600 Extra fine
33° 53,781 0.8953 Extremely fine 53,781 0.8953 Extremely fine 53,781 0.8953 Extremely fine

ME: Mesh elements, AEQ: Average element quality, PS: Predefined size.
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Fig. 8. Illustration of the simulation process of liquid transfer, with the gas phase depicted in red and the aqueous phase in blue. (Legend shows the volume fraction
of fluid: blue for air, maroon for liquid, and a yellowish gradient for the air-liquid interface.).

Table 4
Time required for liquid filling in the siphon valve at different inclination angles
and angular accelerations.

33° 43° 53° 63°
250 rad/s® 0.231s 0.211s 0.234 s 0.217 s
500 rad/s* 0.131s 0.134s 0.145s 0.142s
750 rad/s? 0.103 s 0.103 s 0.106 s 0.106 s

and certified sample data. Calculated data for accuracy, uncertainty, and
CV is shown in Fig. 9. When standard samples were analyzed (Fig. 9A),
the overall accuracy of the microfluidic method increased by 6.85 %,
while the coefficient of variation (CV) used as an indicator of precision
was reduced by 64.10 %. The advancement in measurement accuracy
and CV is mainly due to the filtration step involved in the microfluidic
chip. This process removes unwanted particulates before detection. The
method of analysis is based on absorption. Hence, removing particles
before analysis is important as particles cause the scattering of incident
light and reduce the transmittance, which causes the reduction of the
intensity of transmitted light (Templeton and Salin, 2013b) and leads to
erroneous results. In addition to this, the structure of the chip is designed
with air vents. As the chip operation is based on a centrifugation strat-
egy, any air bubbles present in the sample at the detection chamber will

Table 5
Experiment designed to optimize digestion time for 100 mgL~! COD solution.

be removed in the opposite direction of the centrifugal force and dis-
charged outside the chip. Air bubbles also cause scattering of incident
light as explained above (Figure S11). In the conventional method,
removal of particles or gas does not occur, which leads to errors in COD
analysis. Moreover, since the volumes are small and the system is highly
controlled, there is less chance of undergoing variations. Furthermore,
in our design, we use bent channels and centrifugal force drives the fluid
movements. This allows for optimal mixing of reagents and results in
homogenized solutions (Wang et al., 2024b; Lee et al., 2011; Kumar
Thimmaraju et al., 2023). Mixing increases the CV and the reproduc-
ibility of results. The uncertainty of the novel method was improved by
47.03 %. The novel method has recorded a LOD of 4 mgL~}, LOQ of 15
mgL~!, and a range 0-150 mgL~'. The closest reason for this is the
automation of the microfluidic method, which reduces human error.
Most importantly, the microfluidic method was able to improve accu-
racy, precision, reproducibility, and uncertainty while keeping the
detection range 0-150 mgL~".

For the certified solutions of COD, the values were measured by the
microfluidic method and the conventional method, and accuracy, un-
certainty, and precision were calculated and compared (Fig. 9B). As the
certified solution does not contain interferences such as chloride ion
interference, turbidity interference, or pH interference, a small differ-
ence in accuracy, uncertainty, and CV was observed between

Digestion time (min) Test 1 (mgL™!) Test 2 (mgL™})

Test 3 (mgL ™)

Test4 (mgL™?!) Test5 (mgL™?!) Average (mgL™!) Accuracy %

5 82.21 82.89 82.89 83.58 84.95 83.304 83.304
10 97.97 93.18 95.92 92.49 93.86 94.684 94.684
15 100.03 98.66 98.66 100.03 98.66 99.208 99.208
20 100.03 98.66 98.66 100.03 100.03 99.482 99.482
25 99.34 99.34 99.34 98.66 100.03 99.342 99.342
Table 6
Table comparing novel microfluidic method and conventional method for COD analysis. (NA: not available).
Method Name LDR/ LOD/ LOQ/ Accuracy (%) / Solution Analysis Time/  Temperature/ Automation  Cost per
mgL~! mgL ™! mgL~! RSD (%) volume/ mL min °C sample/$
Current Microfluidic 0-150 4.00 12 96.71 0.66 <25 165 Yes <7
Method 2.90
Conventional analysis 0-150 4.00 NA 90.51 6.99 <55 165 No > 28
8.09
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Fig. 9. Comparison the performance of the Microfluidic and the conventional method when analyzing A) standard samples and B) certified samples of COD.

measurements of microfluidic and traditional methods.

3.3.4. Environmental samples

Natural water samples were taken from fourteen locations, and COD
values were measured using microfluidic and conventional methods.
The relative bias was calculated and illustrated in Table 7. The con-
ventional method generally yields higher COD values than the micro-
fluidic method for most samples. This discrepancy arises because the
conventional approach lacks a filtration step to remove particulate
matter from the digested sample. Natural water samples often contain
significant amounts of suspended particles, which remain in the cuvette
during measurement. In contrast, the microfluidic instrument in-
corporates a filtration step that removes these particles prior to analysis.
COD determination is based on light absorbance, governed by the
Beer-Lambert law. A higher absorbance indicates a greater concentra-
tion of Cr®*, which forms when Cr® is reduced by organic matter.
Consequently, increased absorbance is interpreted as a higher COD
value

3.3.5. Validating the suitability of microfluidic and conventional methods
as field instruments

To evaluate the usability of the microfluidic equipment as a field
instrument compared to the conventional method, several key perfor-
mances were evaluated, including portability, throughput, cost effi-
ciency, multiplexity, programmability, miniaturization, user-
friendliness, durability, and energy efficiency. The results shown in
Fig. 10 were based on the questionnaire responses of thirty participants,
including researchers, graduate students, lab technicians, research

Table 7
The table of performances observed for the environmental samples.

Portability
10

Durability

Energy Efficiency

Ease of Use

Miniaturization

Programmability

—u— Microfluidic %
—e— Conventional %

Throughput

Cost efficiency

Multiplexity

Fig. 10. Spider plot illustrating the comparative evaluation of the performance

of the microfluidic device and the conventional method as

assistants, and instrument developers (engineers).
illustrated in a spider plot (Table 7S).

a field instrument.

The results were

The microfluidic equipment received good ratings for all assessment
factors, receiving ratings above 60 %. The ratings for the conventional
method remained below 20 % in most cases, which indicates its limi-
tation as a field instrument. The ratings for the microfluidic equipment
increased because the equipment is small and has low reagent

Sample Location Microfluidic method Conventional method Relative bias of (%)
Latitude Longitude COD (mgL 1) RSD (n = 3) COD (mgL 1) RSD (n = 3)
Wastewater from a pharmaceutical factory 30.582211°N 114.352769°E 13202.33 2.19 13287.00 1.09 —0.64
Effluent from a sewage plant 30.235200°N 115.053360°E 42.33 3.61 43.33 3.53 -2.31
Sewage from a coal gasification plant 31.103539°N 114.350101°E 743.33 0.79 751.67 1.13 -1.11
Wastewater from a semiconductor plant 30.433933°N 114.469091°E 169.00 213 168.67 2.08 0.20
Domestic wastewater of an office park 30.418864°N 114.453017°E 210.33 2.39 215.33 4.21 -2.32
Tangxun Lake sewage treatment plant 30.42118°N 114.447473°E 22.67 5.09 20.00 5.00 13.33
Sanjintan sewage treatment plant 30.669722°N 114.288848°E 35.67 5.84 37.00 9.74 -3.60
North Lake sewage treatment plant 30.601300°N 114.271000°E 19.67 7.77 21.00 4.76 —6.35
Huangjiahu sewage treatment plant 30.500101°N 114.344000°E 36.33 4.20 34.00 2.94 6.86
Erlangmiao sewage treatment plant 30.587928°N 114.364275°E 42.67 4.98 31.33 4.88 —-2.13
Dewalagama canal 7.285060°N 80.322238°E 14.38 7.02 12.84 4.44 —45.32
Ma Oya 7.321390°N 80.314579°E 14.96 10.12 12.19 11.51 —-16.96
Kuda Oya 7.251084°N 80.331948°E 11.13 11.46 10.31 5.88 11.19
Tap Water from NIFS 7.292213°N 80.637737°E 11.36 8.55 10.39 1.36 -17.75
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consumption, which improved its mobility. Moreover, the equipment is
programmed and automated to take measurements and can analyze two
samples simultaneously. This makes the equipment more efficient for
field applications. However, the durability of the conventional method
was rated at 60 %, while the microfluidic equipment received 90 %,
indicating that both methods are considered durable. The conventional
method received poor ratings for energy efficiency, programming abil-
ity, and multiplexity because traditional laboratory-based analysis re-
quires manual handling and consumes high amounts of power.
Altogether, the performance of the microfluidic equipment overcomes
conventional methods, even as a portable device, because it shows better
results than traditional approaches.

4. Conclusions

This study highlights the effectiveness of automated centrifugal
microfluidic chips (CMCs) for in-situ water quality analysis, specifically
in chemical oxygen demand (COD) measurement. By leveraging cen-
trifugal and Euler forces alongside an optimized geometric design, the
system enhances precision, reduces reagent consumption, and mini-
mizes waste generation. The integration of a settling chamber further
improves detection accuracy and reliability. A meticulous simulation of
the siphon valve’s geometrical parameters, including inclination angle
and angular acceleration, led to an optimized design that ensures
smooth, sequential, and stable liquid transfer into the reaction chamber,
significantly reducing processing time. The microfluidic system for COD
measurement enhances accuracy while significantly reducing sample
volume and analysis time. With low power consumption, a compact
design, and high stability, this platform offers a cost-effective, portable
solution for real-time water monitoring. These advancements position
CMCs as a promising alternative to conventional COD detection
methods, particularly for environmental surveillance, public health, and
remote water testing. Future research could explore adapting this system
for detecting additional water quality parameters, further expanding its
applicability across various sectors.
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