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ABSTRACT 
  Microfluidic systems are gaining popularity in analytical chemistry owing to their compact 
size, reduced reagent consumption, and alignment with the principles of green analytical chemistry. 
In this study, novel microfluidic systems were successfully employed for the determination of 
phosphate in surface water samples, and cinnarizine in tablet formulations. The three-dimensional 
lab on a chip (3D LOC) was designed and microfabricated on polymethyl methacrylate (PMMA) in 
a rectangular figure similar to the conventional flow-through cell. The outstanding is not only a space 
for the solution to flow through the cell in the spectrophotometer but also a coil for the reaction of 
sample and reagent to achieve the compact system and enhancement of chemical analysis 
performance.  The 3D LOC was applied for the determination of phosphate in water samples and 
cinnarizine in tablet dosage forms incorporating the reverse flow injection analysis (r-FIA) with 
colorimetric detection. The result obtained linear ranges of phosphate is 0.010-2.0 mg P L-1 with an 
R2 of 0.9985, and those of cinnarizine were 10-150 mg L-1 with an R2 of 0.9963. These designs 
demonstrated excellent performance characterized by wide linear ranges, low detection limits, and 
good precision. The proposed microfluidic system holds significant potential to be a greener 
analytical chemistry.  
 

Keywords: Cinnarizine; Flow-through-cell; Microfluidics; Phosphate; Three-dimension lab on a chip 
(3D LOC) 
 
1. Introduction  

Green Analytical Chemistry (GAC) is a 
branch of analytical chemistry that focuses on 

developing and implementing sustainable and 
environmentally friendly practices in 
analytical processes. The primary goal of GAC 
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is to reduce the environmental impact of 
analytical methods by minimizing resource 
consumption, waste generation, and the use of 
hazardous chemicals [1, 2]. Microfluidics has 
become the technique that supports GAC by 
minimizing the size of a device system. It 
provides precise control over fluid flow, 
mixing, and reactions, leading it to be a 
valuable tool in various applications [3] such 
as analytical chemistry, biology [4], medicine 
[5-7], and environmental monitoring [8, 9]. 
There are several platforms for the 
microfluidic system, such as two- and three-
dimensional platforms [10-17]. The role of the 
microchannel platform is not only to support 
greener analytical chemistry but also to reduce 
cost of the analysis. This technology is 
particularly well-suited for green analytical 
chemistry, where the focus is on using safer 
and more environmentally friendly reagents 
and methodologies [18]. The incorporation of 
microfluidic technology into r-FIA presents 
several advantages in reducing of 
sample/reagent volume, analysis times,  and 
improving sensitivity and accuracy [19].  
  Phosphate is a critical analyte in 
environmental monitoring due to its impact 
on water quality and the ecosystem. An 
overabundance of phosphate in natural water 
causes pollution called eutrophication. The  
USEPA has set a recommended limit no more 
than 0.1 mg L-1 for total phosphorus in 
flowing waters, and 0.05 mg L-1 for total 
phosphates in streams flowing into lakes[20]. 
The predominant methods used for phosphate 
determination in natural water rely on 
spectrophotometric detection based on the 
phosphomolybdenum blue reaction [21]. This 
reaction generates a blue-colored product 
known as the phosphomolybdenum blue (PMB) 
complex, formed by the reaction between 
orthophosphate (o-PO4

3-) and molybdate ions in 
an acidic medium, followed by the reducing 
agent. Spectrophotometry is the favorite 
method for phosphate determination due to its 
simplicity, ease of observation, sensitivity and 
compatibility with automated systems. 
Numerous studies have focused on developing 
colorimetric detection methods integrated with 

automated flow-based systems for phosphate 
determination in natural water [22-26]. 

Cinnarizine, a pharmaceutical 
compound commonly used to treat vertigo and 
motion sickness, requires meticulous 
quantification in tablet formulations to ensure 
therapeutic efficacy and safety. Commercial 
cinnarizine tablets are formulated with 15, 25, 
50, or 75 mg. Cinnarizine can be determined 
by several methods including high 
performance liquid chromatography (HPLC) 
as a confirmation technique [27, 28], thin-
layer chromatography (TLC) [29, 30], UV-
visible spectroscopy [31, 32], and 
chemiluminescence with flow injection 
analysis (FIA-CL) [33]. The British 
Pharmacopoeia 2020 [34] also utilized HPLC 
with C18 as an official method for assay of 
cinnarizine in tablets dosage form.  Most 
methods require costly instrumentation. The 
chromatographic techniques are suitable for 
analyzing complex mixtures; however, they 
require long analysis time and skilled 
operators. While FIA-CL boasts high 
sensitivity, it relies on specialized detectors 
like photomultiplier tubes. Certain 
spectrophotometric methods for cinnarizine 
analysis involve the consumption of hazardous 
reagents.  

In this research, we focused on the 
design and invention of a micro flow-through 
cell as a 3D LOC in operation to r-FIA with 
colorimetric detection, and utilizing it for the 
determination of phosphate in surface water 
samples, and cinnarizine in tablet dosage form, 
based on PMB reaction and oxidation by 
KMnO4 in an acidic medium, respectively. 

 
2. Materials and Methods  
2.1 Reagent and chemicals 
 All chemicals and reagents used in this 
study were of analytical grade. Cinnarizine 
(C26H28N2) and L-ascorbic acid (C6H8O6) were 
purchased from Sigma-Aldrich, Germany. 
Ammonium molybdate tetrahydrate ((NH4) 
6Mo7O24

.4H2O) and potassium permanganate 
(KMnO4) were obtained from Carlo Erba, 
Italy. Antimony potassium tartrate 
(KSbOC4H4O6

.0.5H2O), potassium chloride 
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(KCl) and sodium hydrogen carbonate 
(NaHCO3) were provided by Ajax Finechem, 
Australia. Potassium dihydrogen phosphate 
(KH2PO4), ammonium chloride (NH4Cl) and 
metal ions of Fe(III), Cu(II), Zn(II), Pb(II), 
AI(III), Ca(II) and Mn(II) for interference 
study were supplied by Merck, Germany. 
Finally, hydrochloric acid (37%), and sulfuric 
acid (99.8%) were purchased from QReC, 
New Zealand. The deionized water 
(ELGASTAT Option 3A, 13172 G, Elga Ltd., 
Bucks, England) was used throughout the 
experiment. 
 
2.2 Design and fabrication of 3D LOC 
  The 3D LOC as shown in Fig. 1. was 
designed and microfabricated using CO2 laser 
etching (Laser1325, CNCBro, China) on an 
opaque black polymethyl methacrylate 
(PMMA); its shape was a rectangular box (10 
mm in width, 10 mm in length and 45 mm in 
height). The first part of the microchannel acted 
as a reaction coil (250 µm width, 500 µm depth, 
260 mm length, and 80 µL capacity) with an 
etching rate of 60 mm s-1 at 30% power. The 
second part was a flow-through cell (10 mm 
pathlength and 2 mm diameter) with the etching 
rate of 4 mm s-1 at 89% power. This design of a 
microchannel network (b) was fabricated on 
two sides of the PMMA with 12 holes to bridge 
the channel on both sides. The microchannel 
was sealed using a thermal bonding process at 
60°C for 6 min, forming a sandwiched structure 

with two transparent PMMA pieces of 1 mm 
thickness, 10 mm width, and 45 mm height. The 
volume capacity of the flow through the cell (c) 
was 31 µL. The chip was connected to 
polytetrafluoroethylene (PTFE) tubing (ID 0.45 
mm, OD 1.6 mm, VICI, Canada) at the inlet (a) 
and outlet(d). 
  The schematic diagram of the proposed 
method, which coupled the 3D LOC with a 
reverse flow injection analysis (r–FIA) system 
for phosphate determination in natural water 
and cinnarizine determination in tablet 
formulation is represented in Fig. 2.  A simple 
reverse flow injection manifold consisted of a 
peristaltic pump, a six-port valve, and 3D LOC 
(same size as a conventional cuvette) inside the 
spectrophotometer. Samples and standard 
solution were delivered using a peristaltic pump 
(FIAlab®, USA) with 0.89 mm id of polyvinyl 
chloride pump tubing (color code: 
orange/orange, ISMATEC, Switzerland) and 
then the colorimetric reagent was injected into 
the solution stream via a six-port valve and 
delivered into the 3D LOC, where the solution 
reacted within the microchannel network and 
flowed into the detection flow cell.    Then, the 
absorbance of colored product was 
measured using a visible spectrophotometer 
(V-1200, MAPADA, China) with the M.Wave 
Professional 2.0 software program to plot a 
FIAgram and determine the peak height.  Three 
replicate injections were carried out and 
analyzed for each standard/sample solution.

 
Fig. 1. The 3D LOC design (A) is presented, and the microchannel network within the chip is demonstrated. 
The 3D-LOC  consisted of (a) an opaque black PMMA rectangular box, and two transparent PMMA pieces (b1 
and b2). The front side (B) and back side (C) of 3D LOC show an inlet (c) (1.6 mm id);  microchannel as a 
reaction coil (d) in a flow-cell; detection area (e) in cylindrical channel; and outlet (f) (1.6 mm id). The real 
photo of 3D LOC is also presented (D).  
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Fig. 2. The schematic of the 3D LOC in r-FIA 
system consisted of standard/sample (a); a 
peristaltic pump (b); an injection valve (c); a 
syringe  containing reagent (d); a          
spectrophotometer (e), 3D LOC, waste (g), and 
computer (h). 
 

2.3 Application for phosphate analysis 
 This system was prepared and evaluated 
based on the molybdenum blue reaction 
between PO4

3- and ammonium molybdate in 
acid solution [21, 35].  The sequent reaction 
involved the reaction of o-PO4

3- with molybdate 
ions in an acidic solution and formed a yellow 
12-molybdophosphoric acid (12-PMA) 
complex. The reaction was carried out in an 
acidic solution containing ascorbic acid as a 
reducing agent, which concerted the complex 
into a blue colored PMB complex with 
maximum light absorption at wavelength 880 
nm. Then, 3D LOC was applied for 
determination of PO4

3- based on PMB reaction 
by injecting the combined reagent into the 
stream of PO4

3- standard/sample solution, and 
monitoring light absorption at 880 nm. The 3D 
LOC cooperating to r-FIA is shown in Fig. 2. 
The FIAgram was monitored in absorbance 
value vs. time (sec); the signal of PO4

3- (in 
absorbance value) was calculated by 
subtraction between the peak height of PO4

3- 
and blank, whereas the blank peak was 
monitored by injection of combined reagent in 
the water stream.  A 3-replicate injection was 
used throughout the experiment. 
  A stock standard solution of phosphate 
(100 mg P L-1) was prepared using potassium 

dihydrogen phosphate dissolved in deionized 
water. The working standard phosphate 
solution was kept in a plastic bottle and stored 
in a refrigerator. A mixed reagent was freshly 
prepared in 10.0 mL and made by sequentially 
mixing 5.0 mL of 4 mol L-1 H2SO4, 1.5 mL of 
10 mmol L-1 ammonium molybdate 
tetrahydrate, 0.5 mL of 8 mmol L-1 antimony 
potassium tartrate and 3.0 mL of 0.5 mol L-1 
reducing agent. Ascorbic solution was prepared 
by dissolving 4.40 g of ascorbic acid in 50.0 
mL of deionized water. 
 In the optimization study, the effects of 
concentration of reagents and flow rate were 
studied using a univariate optimization by 
considering sensitivity of the measurement. 
The combined reagent consisted of 4 mol L-1 
H2SO4, 10 mmol L-1 ammonium molybdate, 8 
mmol L-1 antimony tartrate and 0.5 mol L-1 

ascorbic acid; it was used as a starting condition 
for optimization, with a flow rate 1 mL min-1 
and 1.0 mg P L-1 standard phosphate solution 
used throughout the optimization study. 
 This method was applied for 
determination of phosphate in surface water 
samples. Ten samples of  surface water were 
collected at different areas in Thammasat 
University, Rangsit campus, Pathum Thani, 
Thailand. Each sample was filtered through 
filter paper (Whatman No.1) and stored in a 
plastic bottle. The samples were analyzed by 
the proposed system and compared to a batch 
method of PMB reaction using a visible 
spectrophotometer (V-1200, MAPADA, 
China) with a conventional cuvette (10.0 mm 
pathlength) [36]. The result was compared 
between the results of both methods by paired 
t-test at 95% confidence level. 
 
2.4 Application for cinnarizine analysis 
 The 3D LOC was utilized for the 
determination of cinnarizine in tablet dosage 
form based on the oxidation reaction of 
cinnarizine by KMnO4 in a r-FIA (Fig. 2) and 
the color of KMnO4 was faded depending on 
the increasing concentration of standard 
cinnarizine, which was detected by the 
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spectrophotometer at 525 nm. The KMnO4 
was injected into the standard/sample stream. 
  A stock standard solution of cinnarizine 
(1,000 mg L-1) was prepared daily in 0.1 mol     
L-1 hydrochloric acid. The standard cinnarizine 
solution was diluted to construct a standard 
calibration graph in the range of 1.0-150 mg      
L-1. A 2.0 mmol L-1 KMnO4 was used as a 
colorimetric reagent for cinnarizine 
determination by dissolving 0.0316 g of 
KMnO4 in 100 mL of 1.0 mol L-1 H2SO4. 
  The univariate optimization method was 
used to study the effect of various parameters 
and identify the optimal condition by 
considering sensitivity and linearity. A series of 
standard solutions of cinnarizine at 1, 10, 25, 
50, 100, and 150 mg L-1 in 0.1 mol L-1 HCl was 
tested under initial conditions which included a 
flow rate of 1.0 mL min-1 and 10 cm of injection 
loop with 2.0 mmol L-1 KMnO4 in 0.5 mol L-1 
sulfuric acid. Both physical and chemical 
parameters such as flow rate (0.4-1.0 mL   
min-1), injection volume (10-20µL), 
concentrations of KMnO4 (0.1-2.5 mmol L-1) 
and H2SO4 (0.1-1.5 mol L-1) were investigated. 
  Eleven brands of cinnarizine tablets 
were purchased from drugstores in Bangkok, 
Thailand. Twenty tablets of each brand were 
weighed and finely powdered, and a portion 
equivalent to 25 mg of cinnarizine was 
transferred to a 100.0 mL volumetric flask and 
dissolved in 0.1 mol L-1 hydrochloric acid; then 
the mixture was sonicated for 10 min to 
dissolve the active ingredient. After that, the 
samples were filtered through a Whatman 
No. 1 paper filter and 10.0 mL of filtrate was 
diluted to 50.0 mL with 0.1 mol L-1 of 
hydrochloric acid. These sample solutions were 
analyzed by the proposed system and the 
results compared using high performance 
liquid chromatography (HPLC) (LC-20AP, 
Shimadzu, Japan) with Diode Array Detection 
(SPD-M20A, Shimadzu, Japan). The system 
included an Inertsil ODS-3 C18 column (4.6 x 
250 mm, 5 µm) with guard column Inertsil 
ODS-3 (4.6 ´10 mm, 5 µm), at a flow rate of 
1.2 mL min-1 and injection volume of 20 µL, 
with detection at 250 nm. The mobile phase 

consisted of acetate buffer pH4:methanol 
(30:70) [37].  
 
3. Results and Discussion   
3.1 Application for phosphate analysis  
 3D LOC incorporating r-FIA was 
applied to determine PO4

3- based on PMB 
reaction. However, the optimization is 
necessary to achieve a good analytical 
feature. The signal in absorbance value (after 
subtraction of the blank peak) was used for 
the determination of PO4

3-. 
 
  3.1.1 Optimization for PO4

3- Analysis 
  The univariate optimization was used 
to study the effect of some chemical and 
physical parameters to determine the 
concentration of phosphate that can be related 
to the absorption of PMB complex. The 
influence of flow rate within the range of 0.8 to 
1.5 mL min-1 was examined using a PO4

3- 
standard solution of 1.0 mg P L-1. The findings 
indicate that higher flow rates resulted in 
reducing signal intensity due to the rapid flow 
(Fig. 3a). In the PMB reaction, ascorbic acid 
served as a reductant, requiring time to reduce 
12-PMA to form the blue PMB complex. 
Although the flow rate of 0.8 mL min-1 gave a 
little higher sensitivity than that of 1.0 mL    
min-1, the low flow rate increased run time. 
Therefore, compromising the analysis time and 
sensitivity, a flow rate of 1.0 mL min-1 was 
selected for further experiments.  

As mentioned by Nagul et al. [35], the 
acid and molybdate concentrations are 
preponderant, not only for the formation of the 
heteropoly acid, but also for controlling its 
reduction. Therefore, concentration of H2SO4 
and molybdate were the first two chemical 
parameters to study for optimization. H2SO4 
effect was investigated in the range of 2 to 8 
mol L-1. The results show that at 4 mol L-1 

presented the highest signal (Fig. 3b). At this 
concentration of H2SO4, the pH of combined 
reagent was about 1, and when the reagent was 
injected in the PO4

3- stream, the pH affected the 
formation of phosphomolybdate species and its 
reduction to form deep blue complex [35]. 
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However, at 1 mol L-1 H2SO4, the combined 
reagent presented blue color and the reagent 
was not stable; therefore, no result of this 
concentration is presented in the graph. Divya 
et al. [38] also reported that the blue complex 
by molybdenum can be formed at low H+ level 
even in the absence of PO4

3-.  
The effect of molybdenum 

concentration was also studied in the range of 
1-50 mmol L-1 (Fig. 3c). It was observed that 
the signal increased as the concentration of 
ammonium molybdate increased, reaching a 
maximum at 10.0 mmol L-1 and declining after 
this concentration. The presence of excess 
concentrations of ammonium molybdate 
resulted in the development of a more intense 
yellow color of the blank. Therefore, 10.0 
mmol L-1 of ammonium molybdate was 
chosen.  

Antimony tartrate played a crucial role 
in enhancing the rate of reduction with ascorbic 

acid. So, various concentrations of antimony 
tartrate were studied at 2, 4, 6, 8 and 10 mmol 
L-1; and the results presented the signal of 
0.3013 ± 0.0009, 0.3154 ± 0.0026, 0.3209 ± 
0.0010, 0.3216 ± 0.0003 and 0.3223 ± 0.0006, 
respectively. There is almost no difference in 
the signal of each concentration. The 
concentration of 8.0 mmol L-1 was selected 
because it presented the lowest standard 
deviation. Lastly, ascorbic acid was employed 
to reduce molybdophosphate, resulting in the 
formation of the blue PMB complex. The 
concentration of ascorbic acid was studied in 
the range of 0.1 to 1.0 mol L-1 (Fig. 3d). Results 
indicated that an increasing concentration of 
ascorbic acid led to higher absorbance. 
However, it was noted that the blank signal 
increased significantly when ascorbic acid was 
higher than 0.5 mol L-1, causing a decrease in 
the signal of the analyte. 

 
Fig. 3. The optimal condition of 3D LOC coupled with r-FIA system for phosphate determination, a) Effect 
of flow rate (mL min-1); b) [Sulfuric acid, H2SO4] (mol L-1); c) [Ammonium molybdate] (mmol L-1); and d) 
[Ascorbic acid] (mol L-1). 
 

In summary, the optimal conditions for 
the combined reagent consisted of 4 mol L-1 

H2SO4, 10.0 mmol L-1 of ammonium        

molybdate, 8.0 mmol L-1 of antimony tartrate 
and 0.5 mol L-1 of ascorbic acid, and the flow 
rate of r-FIA system was 1.0 mL min-1. 
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3.1.2 Analytical performance of 
PO4

3- 
  Under the optimal conditions, a 
linear calibration was proceeded in the range 
of 0.010-2.0 mg P L-1. The linear equation 
describing the relationship between absorbance 
signal value (y) and phosphate concentration 
(x) in unit of mg P L-1 is represented as y = 
0.3085x – 0.0074 with R2 value of 0.9985. The 
limit of detection and quantitation (LOD and 
LOQ) were calculated based on three times 
and ten times the standard deviation of the 
blank. For the proposed method, the LOD and 
LOQ were found to be 0.003 mg P L-1 and 
0.010 mg P L-1, respectively. The precision of 
PO4

3- standard solution at 1.0 mg P L-1 was 
investigated both with 10-replicate injections 
and 10 bottles of solution, and the results 
showed % RSD of 1.02 and 1.32, respectively. 
To assess the recovery of this method, the 
standard phosphate at four different levels; 

0.010, 0.10, 0.50, and 1.0 mg P L-1; were spiked 
into the sample solution and the percent 
recoveries were found at 95.0 ± 3.2, 98.0 ± 1.2, 
94.5 ± 0.6 and 94.6 ± 0.6, respectively. The 
proposed method yielded good recoveries 
indicating its suitability for determining 
phosphate concentration in the surface water 
samples with sample throughput of 40 h-1. 

Furthermore, comparing the analytical 
characteristics of the proposed method with 
those of other methods that employ the 
molybdenum blue reaction for determination of 
phosphate in water samples, a summary of 
working range and LOD has been presented in 
Table 1. Literatures indicate that there are 
several reports for determination of phosphate 
in water samples based on the PMB method.  
However, the method developed in this 
research demonstrates a lower detection limit 
compared to the batch method using UV-
visible spectrophotometers   [39-41].  Although

Table 1. Comparison of the proposed method with some recent publications for phosphate 
detection based on the PMB method in natural water samples. 

System Sample Detection 
wavelength (nm) 

Linearity range 

(mg PL-1) 

LOD 

(mg PL-1) 
Ref. 

UV-visible spectrophotometer	 Sugarcane Juice, 
Fertilizer, 
Detergent and 
Water Samples	

840 nm	 0.1–11	 –	 [39]	

UV-Visible Spectroscopy	 Natural water	 890 nm	 0.1–1	 –	 [40]	

UV-Visible Spectroscopy	 Surface water	 700 nm	 –	 0.006	 [41]	

r-FIA with spectrophotometer Estuarine waters 880 nm 0.002–0.1 0.002 [42] 

Lab-on-a-disc with 
colorimetric detection 

River water 880 nm 0.014–0.8 0.005 [43] 

Programmable flow injection 
with spectrophotometer 

Seawater 880 nm 0–0.076 – [25] 

UV-Visible Spectroscopy Natural Water 
and Detergent 
Samples 

870 nm 0.05–9 0.18 [44] 

3D LOC with r-FIA Natural water 880 nm 0.01–2.0 0.003 This 
work 

the proposed method has a higher limit of LOD 
than flow injection analysis, it offers a wider 
working range and is superior in terms of 
reducing sample and reagent volume 

consumption. Additionally, it allows for semi-
automated operation, making it suitable for 
analyzing phosphate in natural water samples. 
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3.1.3 Interference study  
  Interference in the phosphomolybdic 
acid method, often referred to as the 
molybdenum blue method, for phosphate 
determination can arise from various ions. The 
molybdenum blue method relies on the 
formation of a blue-colored complex between 
phosphomolybdic acid and reducing agents, 
such as ascorbic acid, in the presence of 
phosphate. In this section, the interference 
study of this system was carried out by 
examining the reaction of phosphate with 
ammonium molybdate in the presence of 
various anions and metal ions commonly 
found in natural water. The evaluated ions 
included Cu2+, Zn2+, Mn2+, Fe3+, Al3+, Ca2+, 
Mg2+, K+, NH4

+, Cl-, NO3
- and SO4

2-. This 
study aimed to determine if these ions might 
interact or interfere with the phosphate 
detection process. To investigate potential 
interference, various interfering ions were 
introduced into a 0.5 mg P L-1 standard 
phosphate solution. Specifically, 10.0 mg L-1 
of Cu2+, Zn2+, Mn2+, Fe3+ and Al3+ 
(representing metal ions), as well as 100.0 mg 
L-1 Ca2+and Mg2+ and 1,000.0 mg L-1 K+, 
NH4

+, Cl-, NO3
- and SO4

2- were added. The 
signal of each solution of PO4

3- with and 
without adding other ions is presented in Fig. 4.  
The relative error of each solution that added 
Cu2+, Zn2+, Mn2+, Fe3+, Al3+, Ca2+, Mg2+, K+, 
NH4

+, Cl-, NO3
- and SO4

2- was found to be 
1.90, 0.53, 1.07, 3.57, 0.56, 0.83, 0.94, 1.43, 
1.15, 2.16, 3.87 and 6.22, respectively. The 
result indicates that the addition of these ions 
did not affect the analyte signal, with an 
inaccuracy of less than 5%. While the 
presence of SO4

2- did slightly impact the 
phosphate signal, with an inaccuracy greater 
than 5% but less than 10%, attributed to 
antimony present in the combined reagents. 
Jonge et al. [45] mentioned that the interaction 
between antimony and sulfide resulted in the 
forming of SbS, leading to a replacement of 
the PMB spectra by the spectrum of 
phosphomolybdenum-antimony blue. This 
issue can be addressed by using a higher 
antimony concentration in the method. 

However, the concentrations of these ions in 
the study exceeded the permissible levels in 
water sources. According to the U.S. 
Environmental Protection Agency (USEPA), 
the maximum allowable contaminant levels 
for Cu2+, Zn2+, Mn2+, Fe3+, Al3+, Ca2+, Mg2+, 
NH4

+, Cl-, NO3
- and SO4

2- in natural water is 
1.3, 5, 0.05, 0.3, 0.2, 100, 60, 35, 32.5, 250, 10 
and 250 mg L-1, respectively [20, 46]. Overall, 
these ions did not significantly affect the 
outcomes of this study. 

 
Fig. 4. Effect of interferences on phosphate 
determination. 
 

3.1.4 Phosphate determination in 
water samples 
  Phosphate determination in water 
samples is essential for assessing water 
quality, as phosphates can contribute to 
eutrophication and algae blooms in aquatic 
ecosystems. The amounts of PO4

3-, in 10 
surface water samples in Thammasat 
University Rangsit campus  (including lake 
and canal) were analyzed by the proposed 
method and the conventional batch method 
(PMB method) [36]. The findings revealed 
that the phosphate concentration in all samples 
was below 0.10 mg P L-1except for sample 2, 
as illustrated in Fig. 5. Importantly, statistical 
analysis using a paired t-test at a 95% 
confidence level indicated that there was no 
significant difference between the results 
obtained by the two methods, with a t-statistic 
of 1.80 and a critical t-value of 2.26. In 1986, 
the Environmental Protection Agency (EPA) 
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established the recommended criteria for 
phosphorus such as not more than 0.05 
and 0.1 mg L-1  for streams discharging into 
reservoirs, and streams that do not empty into 
reservoirs, respectively, that aimed at 
controlling eutrophication in natural water 
[20]. However, sample 2 exhibited a 
phosphate content exceeding this limit. This 
case may be attributed to the leaching of 
fertilizer into water sources or the discharge 
of wastewater from buildings into the water. 
These results suggest that the proposed 
method is successful and effective in 
determining of phosphate levels in water 
samples. 
 

 
Fig. 5. Determination of phosphate content in 
natural water with the proposed method and the 
batch method. 
 
3.2 Application for cinnarizine analysis  
 This method was based on the oxidation 
reaction of cinnarizine by KMnO4 in an acidic 
solution [33],  leading to the dark purple  color 
of KMnO4  fade. The absorption spectra of 2.0 
mmol L-1 KMnO4 in 0.1 mol L-1 H2SO4 was 
measured by scanning the spectra using a UV-
Vis spectrophotometer (UV-1700, Shimadzu, 
Japan) in the range 300-800 nm and the 
maximum absorbance was found at 525 nm. 
After adding cinnarizine (10 mg L-1) to 
KMnO4, the absorbance at this wavelength 
decreased as shown in Fig. 6.  
 The 3D LOC was incorporated into r-
FIA and spectrophotometry to determine 
cinnarizine by monitoring the decreasing 
intensity color of KMnO4 at 525 nm. The 
standard cinnarizine (or sample solution) was 
propelled by peristaltic pump into the system 

(Fig. 2) and the KMnO4 in an acidic solution 
was injected by the six-port valve and then 
flowed into the stream of cinnarizine solution 
and 3D LOC for reaction; after that, the peak 
was observed. The FIAgram was plotted 
between absorbance vs. time (sec). However, 
the signal for determination of cinnarizine was 
calculated in percentage of decolorization (1-
A1/A0)x100), whereas A0 is peak height of  
KMnO4 in blank stream (0.1 mol L-1 HCl), and 
A1 is those of KMnO4 in cinnarizine stream. 

 
Fig. 6. The absorption spectra of a) KMnO4 in 
acidic solution and b) 10 mg L-1 Cinnarizine in 
KMnO4 solution.   
 
  3.2.1 Optimization of cinnarizine 
system 
  The effect of physical and chemical 
variables on the performance of the method 
was studied. The starting condition used 
standard solutions of cinnarizine at 1, 10, 25, 
50, 100, and 150 mg L-1 in 0.1 mol L-1 HCl, at 
a flow rate of 1.0 mL min-1, injection loop of 10 
µL with 2.0 mmol L-1 KMnO4 in 0.5 mol L-1 
sulfuric acid. The optimal condition was 
selected by considering of linearity (R2 > 0.99) 
and sensitivity (slope) of each parameter.  

The flow rate of the peristaltic pump 
was investigated in the range 0.4-1.0 mL min-1 
(Fig. 7a)). Increasing the flow rate, the higher 
linearity was observed, in contrast to the 
sensitivity. The flow rate affected both the 
reaction and mixing capacity; the best 
linearity was found at flow rate of 0.8 mL  
min-1 (with R2 > 0.99); therefore, this 
condition was selected for further studies. The 
injection volumes of 10.0 and 20.0 µL were 
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studied; 20 µL of KMnO4 were used in the 
next study because it presented good linearity 
(R2 0.9944.). 

Next, the effect of concentrations of 
permanganate was studied in the range of 0.1-
2.5 mmol L-1 in 0.5 mol L-1 sulfuric acid (Fig. 
7b). At higher concentration of KMnO4, the 
better linearity was obtained until at 2.0 mmol 
L-1, when in contrast, the lower sensitivity was 
presented. We suggest that higher 
concentrations of permanganate caused the 
detector to receive low intensity of light. The 
result of 2.0 mmol L-1 KMnO4, gave the best 
compromise between sensitivity and linearity.   

Sulfuric acid acts as a catalyst in the 
oxidation reaction of permanganate. Its 
concentrations were studied in the range 0.1-
1.5 mol L-1, as shown in Fig. 7c. The highest 
linearity was obtained at 0.5 and 1.0 mol L-1. 
The optimal condition was 1.0 mol L-1 of 
sulfuric acid, as this gave the highest slope 
with R2 greater than 0.99. The optimized 
condition was 20 µL of 2.0 mmol L-1 of 
permanganate in a 1.0 mol L-1 of sulfuric acid 
as the reagent, and 0.8 mL min-1 flow rate; and 
it was used throughout the experiments. 

 
3.2.2 Analytical performance of 

cinnarizine determination 
  Under the optimal conditions, a 
calibration graph was presented by plotting 
the percent decolorization of permanganate 
against the concentration of cinnarizine 
standard (mg L-1). The FIAgram (absorbance 
vs. time (sec)) is shown in Fig. 8. As the 
concentration of cinnarizine increased, the 
peak height decreased because the cinnarizine 
was oxidized by permanganate; hence, fading 
of permanganate color resulted. This method 
offered a linear calibration in the range 10-150 
mg L-1 and the linear equations of % 
decolorization = 0.5253 [cinnarizine] + 
8.0135 with R2 0.9963 (n = 3). The limit of 
detection and quantitation (LOD and LOQ) 

were calculated following the ICH guideline 
criteria, as 3SD and 10SD, respectively, where 
SD is the standard deviation of the blank 
measurements. The LOD and LOQ of the 
proposed method were 2.5 mg L-1 and 8.0 mg 
L-1, respectively. A 10-replicate injection of 
permanganate into a stream of 50.0 mg L-1 of 
cinnarizine standard was done. The percent 
relative standard deviation (% RSD) was 2.2.  
Moreover, ten solutions at 50.0 mg L-1 of 
cinnarizine were analyzed in 3-replicate 
injections of permanganate solution, and % 
RSD was 3.5. To study the recovery of this 
method, five concentrations of cinnarizine at 
5, 10, 15, 20 and 25 mg L-1 were spiked into 
the sample; the percentage recoveries were 
found to be 101.8, 98.0, 97.5, 96.3 and 98.2, 
respectively.  

In this section, 3D LOC coupled to r-
FIA was applied to determine cinnarizine in 
tablets dosage form based on oxidation 
reaction by KMnO4 in acidic medium. A 
comprehensive comparison of the analytical 
performance between our proposed system 
and previous methods for cinnarizine 
determination in pharmaceutical dosage forms 
has been summarized in Table 2. Although 
chromatography remains an official assay for 
cinnarizine analysis as specified in the British 
Pharmacopoeia 2020 [34], it has limitations of 
long analysis time, the use of organic solvents, 
and expensive instrumentation. 
 Therefore, there are alternative 
developments of the analysis of cinnarizine in 
tablets dosage form, including UV-vis 
spectrophotometry [31, 32], colorimetry [49-
51], and flow injection analysis [33]. Although 
the 3D coupled with r-FIA provided worse 
LOD than others, it is still suitable for the assay 
of cinnarizine in pharmaceuticals without the 
complicated sample preparation process. 
Moreover, it is superior in terms of Green 
Analytical Chemistry because it involves 
low reagent consumption and less hazardous  
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Fig. 7. The optimization study of 3D LOC coupled with r-FIA system for determination of cinnarizine, a) 
Effect of flow rate (mL min-1); b) [KMnO4] (mmol L-1); and c) [H2SO4] (mol L-1) in the system. 
 
Table 2. Comparison methods for determination of cinnarizine in pharmaceutical dosage forms. 

System Condition Linearity range 
(mg L-1) 

LOD 
(mg L-1) Ref. 

RP-HPLC Column: MICRA-NPS C18  
Mobile phase: acetonitrile: triethylamine 
buffer: THF (30:66:4) 
Flow rate: 0.5 mL min-1.  
Wavelength: 253 nm 

0.02– 0.1  5.92 × 
10−5 

[47] 

RP-HPLC Column: C8 
Mobile phase: 0.05 M KH2PO4 (pH3): 
methanol (35:65) 
Flow rate: 1.0 mL min-1.  
Wavelength: 253 nm 

2–20 0.527 [48] 

RP-HPLC Column: RP-C18 
Mobile phase: acetonitrile: 0.1% SLS in water 
(90:10)  
Flow rate: 2.0 mL min-1.  
Wavelength: 215 nm 

1–25 0.05 [27] 

LC–MS/MS Column: Atlantis d C18 
Mobile phase: Trifluoroacetic acid and 
acetonitrile (0.1:100)  
Flow rate: 1.0 mL min-1.  

– 0.49 [28] 

UV spectrophotometry  Solvent: Methanol 
Wavelength: 253 nm 

5- 30 0.0389 [31] 

UV spectrophotometry  Solvent: Methanol 
Wavelength: 250 nm 

4- 20 – [32] 

Colorimetry Reagent: Bromocresol green, Bromocresol 
purple, Bromocresol blue 
Solvent: chloroform 
Wavelength: 414 nm 

2–10  0.63 [49] 

Colorimetry Reagent: 3-Methyl-benzothiazoline-2-one and 
FeCl3 
Solvent: HCl 
Wavelength: 630 nm 

10–40 2 [50] 

Colorimetry Reagent Dipicrylamine 
Solvent: Ethyl acetate and CHCl3 
Wavelength: 402.8 nm 

1.5–36.8 0.40 [51] 

FIA with 
Chemiluminescence 

Reagent: 7.5×10−4 M KMnO4 in 0.02 M PPA 
and 10%v/v ethanol in 1.5×10−3 M Tween 60 
Flow rate: 7.6 mL min−1 

0.5– 6.0 0.018 [33] 

3D LOC with r-FIA Reagent: 2.0 mM KMnO4 in 1.0 M H2SO4 
Flow rate: 0.8 mL min−1 

Wavelength: 550 nm 

10.0– 150.0 2.5 This 
work 
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chemicals than other colorimetric reagents. 
FIA-chemiluminescence [33] applied a high 
flow rate for achieving higher sample 
throughput (198 samples per hour) than the 
proposed method (60 samples per hour); 
however, the 3D LOC system provided a wider 
linearity range. 
 

Fig. 8. FIAgram for cinnarizine 0-150 mg L-1. 
 

3.3.3 Cinnarizine assays in tablet 
dosage form 
  The proposed method was applied to 
determine cinnarizine in tablet dosage form of 
11 brands that are distributed in Thailand. The 
label of each sample listed 25 mg of 
cinnarizine per tablet. The results obtained by 
the proposed methods were compared to the 
HPLC method [35], as shown in Fig. 9.  

 
Fig. 9. Comparison of cinnarizine content found 
by the proposed method and HPLC method 
 

The results showed that there is no 
significant difference between the two 
methods at 95% confidence level with               

t-statistic value of 1.95 and t-critical of 2.23. 
Moreover, the assays of cinnarizine for 11 
brands of samples are in the range of   24.3-
25.8 mg per tablet or 97.2-103.2 % labelled 
amount (% LA), which met the requirement of 
BP 2020 (95.0-05.0 % LA) [34]. Therefore, 
the proposed method may be an alternative 
method for determining the cinnarizine 
formulation with the sample throughput 60 
samples per hour. 

 
4. Conclusions 
  Herein, the three-dimension lab on a 
chip (3D LOD) integrated with reverse flow 
injection analysis (r-FIA) was successful for 
determining cinnarizine in tablet dosage form 
and phosphate in water samples based on 
colorimetric detection. The 3D LOC was 
fabricated for a novel microchannel network 
that acted as a micro-reaction coil in a flow-
through-cell. The dimensions are 12x10x45 
mm, similar to a conventional cuvette or flow-
through cell used in flow-based analysis, 
compatible with general spectrophotometers. 
The proposed system represents a novel and 
alternative approach for the flow-based system 
with colorimetric detection, offering greener 
analytical methods by minimizing reagent 
consumption and waste generation, while using 
common reagents that are less hazardous than 
traditional colorimetric reagents. 
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