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Semiautomated Online Continuous Flow Injection
Analysis — Turbidimetric Determination of Zinc in
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ABSTRACT

This study has assessed the novel technology developed for our in-house NAG-5SX1-1D-SSP analyzer by utilizing
the established reaction of the zinc (II) ion with ammonium thiocyanate and mercury (II) chloride to produce a
white precipitate. This analyzer was used to access turbidity by calculating the reflection of incident light. The
method maintains linear behavior over a concentration range from 0.05 to 18 mmol. L}, with a detection limit of
0. 489ug.sample™ and excellent precision (RSD% >1). These results confirmed the reliability and robustness of the
developed instrument for Zn (II) determination in various pharmaceutical formulations. Successful detection of Zn (II) ion
was achieved in three drug formulations by using the standard addition approach. A comparative analysis was conducted
between the newly devised approach and the conventional method (UV-Vis spectrophotometer) at a wavelength of 227
nm through the implementation of an individual and paired t-test. The data obtained underwent rigorous mathematical
treatment, revealing no significant variance between the two methodologies in the analysis of three distinct drugs at a
95% confidence level.

Keywords: Flow injection analysis, Zinc (II) ion, Turbidity, Mercury (II) ammonium thiocyanate, Pharmaceutical analysis

cofactor for the thymic hormone thymulin, and is

Introduction involved in leukocyte signal transduction.® Due to
its particular biological importance, fast and accu-

Zinc is considered one of the most important  rate analytical techniques for the determination of
chemical elements in the human body, the largest  zinc are required, of which electrochemical,*> spec-

Percgntage found in addition to other organs cgntain— trophotometry,® atomic absorption spectrometry,’
Ing dlfferent.perce:.ntages, such as the liver, kidneys,  and continuous flow analysis are the most commonly
lungs, gastrointestinal tract, prostate, heart, and pan-  yged.®° Flow injection analysis has the advantage of

creas.! Sufficient availability of zinc is of particular being an automated technique with numerous and
importance to the immune system. ” Thereby, it plays  widespread applications in quantitative chemical'®
a key role in multisided cellular and molecular mech-  anpalysis, especially in pharmaceutical analysis. !+
anisms. For instance, zinc influences the lymphocyte 1 brief, a flow system involves the injection of a
response to mitogens and cytokines, serves as a  defined volume of sample into a moving stream of
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Fig. 1. 3D-representation of the metal block incubator of five successive LEDs, flow cell.

a solution, which serves as a carrier that flows the
sample through a detector. Between the injection and
detection points, the sample of interest is physically
or chemically transformed into a detectable species.
Flow injection is generally a very fast, simple, and
inexpensive technique, employing common instru-
mentation. Compared to batch analytical methods, it
offers increased sampling frequency, low expense of
reagents and samples, and increased precision and
high sensitivity.!*>-'> There is a dearth of research
on the coupling of continuous flow injection with
turbidity measurements. '%'7 In this research, the pro-
posed method and the NAG-5SX1-1D-SSP analyzer
incorporate several key innovations and advantages,
including a novel detection principle in which tur-
bidity is detected by reflected scattered incident
light over an angular range from 0 to 180 degrees,
enabling more extensive signal collection than tra-
ditional single-single detectors. The modified design
of the analyzer combines a quartz flow cell, sev-
eral LED light sources, and a solar cell detector to
provide a simple yet highly efficient analytical per-
formance. The system exhibited excellent precision
and sensitivity, achieving a low detection limit (LOD)
of 0. 489 g.sample-1 and an excellent (RSD% >1),
which confirms excellent repeatability and analyt-
ical reliability. In addition to that, the analytical
response maintains a wide concentration range of
0.05-18 mmol. L', making the proposed method
suitable for pharmaceutical formulation containing
Zn (ID) ion at different levels. The analyzer is suitable
for routine quality control due to its compact size,
cost-effectiveness, and lack of the need for complex
optics or highly trained workers. Successful valida-
tion was maintained by utilizing a comparative study
with UV-visible spectrophotometry, which revealed
no statistically significant difference at the 95% con-
fidence level, confirming the accuracy of the new
method.

Materials and methods
Chemicals

Ammonium thiocyanate (NH4SCN) (Fluka). Mer-
cury (II) chloride (HgCl,) (BDH). Zinc sulfate hep-
tahydrate (BDH). CH3COOH (BDH). Sulfuric acid
(BDH). HCI (BDH). HNO; (BDH). H3PO,4 (BDH).

Apparatus

The main measuring unit of the NAG-SSP analyzer
is composed of four distinct parts, as shown in Fig. 1.

1- The metal incubator: this is composed of brass
metal that has faces of 40 mm x 40 mm with a 55
mm length; therefore, it will have four side faces.
Each side face is 40 mm x 55 mm, two of which
face each other; one of these will be used to mount
the irradiation sources, the snow-white LEDs.

2- Flow cell: All the turbidimetric measurements

were carried out using a flow cell. This cell is made

of quartz and has a full length of 105 mm, and is
composed of two parts that form a single piece,
each being 55 mm in length.

Sources side: The range of the visible region was

covered by using five LEDs, as shown in Fig. 2. The

irradiation sources consisted of five LEDs (diame-

ter 10 mm, height 10 mm, rim 11 mm x 1 mm)

operated at 0-3.6 V DC. The emission spectrum

covered three distinct bands: blue (460 nm), green

(523 nm), and red (622 nm).

4- A single solar cell used as a direct optical detector.

w
1

The NAG-5SX1-1D-SSP analyzer offers a number
of significant performance enhancements over tra-
ditional detectors. Five highly efficient snow-white
LEDs are used to generate stable light output, minimal
baseline deviation, and excellent spectral and ther-
mal stability. High sensitivity has been maintained
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Fig. 2. Possible reflection and refraction inside and outside particles by the light source used.

due to the combination of a quartz flow cell with
0-180 degree scattering angle detection, resulting
in a low detection limit of 0.489 ug. sampl™. The
homemade device is less expensive than a UV-Vis
spectrophotometer since it uses frequently accessi-
ble components (solar-cell detector, LEDs, and brass
housing) and its compact size (40x40x55 mm)
allows for easy transportation. Electronic noise is
eliminated without the use of an electronic filter,
leading to improved signal quality. A novel variable-
diameter tubing design (1-4mm) reduces turbulence
and enhances sensitivity by acting as a hydraulic
shock absorber, leading to increased precipitate pack-
ing and turbidity intensity. Additionally, the system
offers variable-flow rate control, adjustable light in-
tensity (0-3.6V), and good intra-day and inter-day
repeatability.

Overall, the NAG SSP analyzer can be considered a
well-suited choice for pharmaceutical quality control
since it is a sensitive, dependable, affordable, and
portable instrument with optimal noise suppression.

A manifold flow injection system, which consists
of a three-channel peristaltic pump (Ismatic type
ISM796 from Switzerland), was used to transport the
carrier solutions. A rotary six-port medium-pressure
injection valve made of Teflon, manufactured by IN-
DEX Corporation, USA, is used to provide appropriate
injection volumes of standard solutions and samples.

The NAG-SSP analyzer was first designed and con-
structed in our laboratory. Its operating principle
relies on turbidimetric detection within a brass in-
cubator block (55 x 40 x 40 mm) housing a quartz
flow cell (105 mm total length). Irradiation is pro-
vided by five snow-white LEDs mounted on one face,
while detection is achieved by a single 55 mm solar
cell mounted opposite the sources. The use of a sin-
gle solar cell eliminates voltage loss associated with
multi-cell configurations, thereby enhancing stability
and reproducibility.

For comparison purposes, Zn (II) ion determina-
tion was also performed using a Shimadzu UV-1800
UV-Vis spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). Measurements of absorbance were

performed at a maximum wavelength (1227) us-
ing 1cm quartz cell. The instrument was calibrated
against reagent blanks, and baseline correction was
applied to ensure accuracy and reproducibility.

Preparation of reagents

Ammonium thiocyanate (NH4SCN) solution
0.10 mol.L ™! (76.122 g.mol™!, Fluka purity > 99%).
Dissolve 7.6122 g.17! L of water.

Mercury (II) chloride (HgCl,) solution

0.05 mol.L ! (271.52 g.mol™, BDH purity > 99%).
Dissolve 13.9 g in water and make up the solution to
1L.

Zinc sulfate heptahydrate solution
50 mmol (287.53g.mol™!, BDH purity > 98%). Dis-
solve 3.5941 g.250 mL™!

CH3COOH solution

1.00 mol.L! (BDH, purity 99.5%). Dilute 28.7 mL
of 99.5% CH3COOH (specific gravity 1.05) with dis-
tilled water in a 500 mL flask. Standardized with
NaOH solution.

Sulfuric acid solution

1.00 mol. L' (BDH, purity 96%). Dilute 27.8 mL
of 96% H,SO, (specific gravity 1.84) with distilled
water in a 500 mL flask. Standardized with Na;COs3
solution.

HCI solution

1.00 mol. L (BDH, purity 35%). Dilute 44.95 mL
of 35% HCI (specific gravity 1.16) with distilled water
in a 500 mL flask. Standardized with Na;CO3 solu-
tion.

HNO; solution

1.00 mol. L™ (BDH, purity 70%). Dilute 31.69 mL
of 70% HNOg3 (specific gravity 1.42) with distilled
water in a 500 mL flask. Standardized with Na;CO3
solution.
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Fig. 3. NAG-SSP analyzer coupled with three lines of the flow injection system used for the determination of zinc (ll) ions.

H3PO, solution

1.00 mol. L™ (BDH, purity 85%). Dilute 33.92 mL
of 85% phosphoric acid (specific gravity 1.7) with
distilled water in a 500 mL flask. Standardized with
Na,COs; solution.

All experiments involving mercuric chloride were
conducted inside certified fume hoods. Researchers
wore appropriate personal protective equipment
(PPE), including nitrile gloves, protective eyewear,
and lab coats, to minimize exposure risk. Mercury
- containing solutions were prevented from entering
routine laboratory drains and were stored in chem-
ically resistant containers. The accumulating waste
was chemically treated with sulfide reagent, which
converted soluble mercury ions into their insoluble
form (HgS), leading to a reduction in toxicity. The
validated protocol confirms that the proposed method
is scientifically robust and environmentally sustain-
able, making it appropriate for routine application in
pharmaceutical quality control. All experiments were
performed in complete accordance with applicable
local and international safety frameworks established
by the World Health Organization (WHO) and the En-
vironmental Protection Agency (EPA). The validated
protocol states that the proposed method meets scien-
tific and environmental safety standards for routine
quality control.

Preparation of the sample

Three commercial formulations were investigated
as sources for Zn (II) ions in this study: Zinc tablet
20 mg (Pharma Development, France), Wellzinc 20
mg (Wellona Pharma, India), and zinc tablet 20 mg
(Coral Lab., India). The zinc sulfate tablet solution
procedure involves carefully weighing and finely pul-
verizing 20 tablets of each commercial medicine, with
each tablet containing 20 mg of zinc sulfate in its
monohydrate form. This was conducted to ascertain
the concentration, which was 0.5 mmol. L™!. A spe-
cific quantity of each of the powdered tablet types
(0.02989 g, 0.0348 g, and 0.0203 g, respectively),

equivalent to 54.901 mg of the active component zinc
ion in each case, from the above brands, was trans-
ferred into a beaker and dissolved in distilled water
using a stirrer. Once the solutions had been filtered
to remove any residual undissolved components, the
residue was washed three times and then made up to
a final volume of 100 mL using distilled water.

Analytical procedure

Zinc (II) ion assessment was based on the use
of two reagents: ammonium thiocyanate and mer-
cury (II) chloride. The two reagents react with each
other continuously within the flow system to form
a precipitate, mercury (II) ammonium thiocyanate,
(NH4)2[Hg(SCN),4], which reacts with the injected
zinc (II) ion sample to form a white precipitate,
Zn[Hg(SCN)4]. Fig. 3 shows the three-line manifold
designed to carry out this research. The first line con-
tains sulfuric acid (7.00 mmol.L™!) as a carrier for the
zinc sulphate sample (7.00 mmol.L™!, 170 uL sample
volume), while the second and third lines contain
the two reagents that form the precipitating agent,
NH,4SCN (0.05 mmol.L™) and HgCl, (0.03 mmol.L™).
All three lines are run at the same flow rate of 1.3
mL.min!. The zinc (II) ions encounter the precipi-
tating agent at the second Y-junction point, and then
enter the reaction coil (50 uL) to complete the pre-
cipitation process. The white precipitate so formed
passes into the flow cell of the NAG-SSP analyzer.

Results and discussion

The NAG-SSP instrument was used to examine
various chemical and physical factors with the aim
of determining the optimal parameters for use in
subsequent experiments. The optimization process
involved the use of a single variable mode while sys-
tematically varying a single parameter at a time, and
additionally, the use of the slope-intercept method.
The use of the slope-intercept method, as adopted
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Table 1. Experimental variables selected for use in subsequent
studies.

Physical and chemical parameters

Sample volume (uL) 150
Flow rate of three lines (mL.min™!) 1.50
Carrier stream H,O
HgCl, concentration(mmol. L) 0.01
ZnS04.7H20 (mmol. L1) 7.00

Without reaction coil

previously. '®'? It shows that it can be used for opti-
mization of a state in which it is difficult to decide
the optimum value. Thus, in the slope-intersection
method, several segments can be drawn in an asso-
ciated graph, where each segment consists of two,
three, or four points; the optimal segment is selected
based on the greatest intercept, which is a measure of
sensitivity, and the lowest gradient in order to obtain
the largest number of points for the studied variable.
Each measurement output is repeated three times. All
parameters used are tabulated in Table 1.

Effect of ammonium thiocyanate concentration on
precipitate formation

Different concentrations of ammonium thiocyanate
(reagent no. 1) in the concentration range 0.01-0.10
mmol. L~! were used to study the effects of variation
in NH4SCN on the formation of the white precipitate.
From Table 2 and Fig. 4, it was noted that lower
concentrations might not be sufficient to allow the
precipitation process to go to completion (i.e., <0.05
mmol. L), while higher concentrations (i.e., >0.05
mmol. L™!) might result in a decrease in sensitivity
due to an increase in the agglomeration of the white
precipitate and thus a decrease in the height of the
response. Therefore, the optimal concentration was
selected as 0.05 mmol. L', From the slope-intercept
method, it may be noted that the chosen optimal
concentration falls within the two segments, and
the S2 segment that extends from 0.05-0.10 mmol.
L-'represents a high sensitivity. Thus, 0.05 mmol. L!
was selected as the optimal concentration.

Effect of mercury (ll) chloride concentration on
precipitate formation

After choosing the optimal concentration of
NH4SCN, a series of HgCl, solutions (0.005-0.100
mmol.L 1) were prepared to select the optimum con-
centration for continuous mixing with ammonium
thiocyanate. This, in turn, would form the mercury
(I) ammonium thiocyanate that would be used to
precipitate the zinc (II) ion as a white precipitate.

BAGHDAD SCIENCE JOURNAL 2026;23(5):1852-1867

From Table 3 and Fig. 5, it was noticed that the
recorded response increased with increasing HgCl,
concentration up to 0.03 mmol.L™. Past this, increas-
ing the mercury (II) chloride concentration further
led to a decrease in the amount of light reaching the
single solar cell. Segment S2, at a concentration of
0.03 mmol.L! (slope-intercept method), was chosen
as it is the most sensitive according to the value of
the associated intercept (a). Therefore, 0.03 mmol.L™!
was chosen as the optimum concentration.

Effect of the type of media as the carrier stream on
the formation of the Zn[Hg(SCN),] precipitate

The reaction system, NH4SCN-HgCl,-ZnSO,4, used
to form the white precipitate was studied in different
acidic media (CH3COOH, H,SO,4, HNO3, HCl, and
H5PO,) at concentrations of 10 mmol.L™!, in addition
to Hy0, as the carrier streams. The type of carrier
stream may affect the precipitation process, speed
of precipitate particle formation, the purity of the
precipitate, and whether nuclei grow to form larger
particulates or otherwise dissociate. From Table 4
and Fig. 6, it was noted that sulfuric acid with dis-
tilled water as the carrier stream showed the best
response because it gave sharp, intense peak profiles
compared with other acids. This can be attributed to
the other acids’ ability to break up the precipitate,
which would not then attenuate the incident light.
Therefore, H,SO,4 was considered the best medium for
use in the reaction system.

Effect of H,SO,4 concentration in the carrier stream
on output response of the NAG-5SX1-1D-SSP
instrument

H,SO,4 solution was found to be the most effec-
tive medium for the precipitation process and in
increasing the intensity of the response obtained, as
described above. This might well be attributed to
an increase in the agglomeration of the white pre-
cipitate capable of attenuating the light incident on
the solar cell. On this basis, sulfuric acid was used
as the carrier stream to carry zinc ions, to improve
the sensitivity of any measurements. A number of
sulfuric acid solutions were prepared, ranging from
3 to 15 mmol.L™! .The responses and results of such
are presented in Fig. 7 and Table 5, which show that,
at concentrations greater than 7.00 mmol.L ~! there
is a decrease in recorded response due to an increase
in the solubility of Zn[Hg(SCN)4] and formation of
only small particles. Depending on the slope-intercept
method, the optimal segment (S2) includes the opti-
mal concentration of H,SO4, 7.00 mmol.L™!, which
was then used for subsequent experiments.
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Table 2. Variation of ammonium thiocyanate concentration with output of response and segmentation
mode (sample size 150u.L, flow rate1.5mL.min~" with distilled water as a carrier stream).

[SCN-]mmol.L! Output of response yi (n = 3)(mV) Standard deviation(SD)

Relative standard
deviation (RSD%)

0.01 200 0.637 0.31
0.03 350 0.599 0.17
0.05 488 0.737 0.15
0.07 340 0.794 0.23
0.10 150 0.786 0.52
Segmentation mode
[SCN-] range b (slope)
Segment mmol.L1 (mV.mM™1) a (Intercept) (mV) Correlation (r)
S1 0.01-0.05 7200 130 0.9997
S2 0.05-0.10 -6726.32 819.26 0.9990
o
00 ~ B ,
450 4 SOmVT
v
400 5 S,
[~ 0.05mM
E. 350 4 ) e
E 300 0.03mM 0.07mM
% 250
&
200 - L
4 o
00 4
0 o —_— b )
H & _ 182 37 |
0 . . ' r v Time (min)
000 002 oo4 008 o 010
[SCN'] mmol/L

Fig. 4. Variation of ammonium thiocyanate concentration with: A-instrument response (mV). B-recorded NAG-SSP analyzer signal.

Table 3. Effect of variation of mercury (Il) chloride concentration on white precipitate formation (sample size
150uL, flow rate1.5mL.min~" with distilled water as a carrier stream).

[HgCl,Jmmol.L™!  Output of response yi (n = 3) (mV)

Relative standard

Standard deviation (SD)  deviation (RSD%)

0.005 220 0.906 0.41
0.008 333 0.637 0.19
0.01 488 0.597 0.12
0.03 535 0.499 0.093
0.05 440 0.536 0.12
0.07 328 0.818 0.25
0.10 210 0.859 0.41
Segmentation mode

[HgCl,] range
Segment mmol.L! b (mV/mM) a (mV) Correlation (r)
S1 0.005-0.01 52342.11 -54.29 0.9790
S2 0.03-0.07 -5175.00 693.08 0.9989
S3 0.05-0.10 -4547.37 659.47 0.9950

Effect of flow rate

Flow rate plays an important role in flow injection
techniques, especially when the precipitation process
occurs in the flow system, as this can influence the
sensitivity. Conversely, reduced injection rates may

result in well clogging, altering hydraulic conductiv-
ity, and necessitating a comprehensive understanding
of clogging factors to optimize system design. A thor-
ough comprehension of the correlation between flow
rate and system reactions is imperative for precise in-
terpretation. On this basis, using the same optimized



1858

S

750

D T T

200 4

S

BAGHDAD SCIENCE JOURNAL 2026;23(5):1852-1867

0.03mM
0.01mM

A
80mV

0.05mmMm ¥

0.008mM 0.07mM

0.005mM 0.1mM

U\
021 273 4%

T T T
o oos oos

[HgCl,) mmol/L

T
000 002

T
016

Time (min)

Fig. 5. A- Plot of average output response versus HgCl, concentration. B- Recorded response of Zn(ll) ion with change in concentration of

Table 4. Effect of using different acids as carrier streams on white precipitate formation using
0.05mmol. L""NH4SCN-0. 03mmol.L="HgCl,-7mmol.L~! ZnSO, system with sample size 150uL and

flow rate1.5mL.min~".

Type of media as a carrier stream  Output of response  Standard Relative standard
[H30*] 10 mmol.L! yi(m=3) (mV) deviation (SD) deviation (RSD%)
H>0 535 0.798 0.15

CH3COOH 545 0.814 0.15

H3S04 635 0.737 0.12

HNO3 510 0.738 0.15

HCl 490 0.704 0.14

H3POy4 348 0.677 0.195

Response (mV)

1,0

CHyCOOH

1,50,

0 .

HNOy
POy

Fig. 6. Effect of type of carrier stream as a column representation of the contribution of each media.

parameters as in the above studies, variable flow rates
in the range 0.8-2.0 mL.min"! were used. The results
so obtained are reported in Fig. 8 and Table 6, from
which it may be noticed at a low flow rate increased
the dispersion effect on the Zn[Hg(SCN)4] precipitate
segment and increased the segment area of white
precipitate in the flow cell up to 1.3 mL.min™!, past
which (i.e., >1.3 mL.min™!) there was a significant
decrease in the recorded response; this latter effect
might be attributed to incomplete formation of the
precipitating reagent, leading to a decrease in the

amount of Zn[Hg(SCN),4] particulates. On this ba-
sis, the optimum flow rate was selected to be 1.3
mL.min™! to produce highly sensitive, precise, and
constant recorded signals.

Study of the optimum sample volume used in the
NH,SCN-HgCl>-ZnSO, system

The effect of sample volume (7.00 mmol.L! Zn(II)
ion) was studied using various volumes of ZnSO4 in
the range 50-200 uL by changing the length of the
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Table 5. Summary of the results obtained and the application of the slope-intercept method (Sample size 150uL,

flow rate1.5mL.min~").

[H2SO4]mmol.L1 Output of response yi (n = 3)(mV)

Relative standard

Standard deviation(SD)  deviation (RSD%)

3 584
5 620
7 688
10 635
13 554
15 483

0.737 0.13
0.800 0.13
0.778 0.11
0.734 0.12
0.718 0.13
0.857 0.18

Segmentation mode

[H2SO4] range

Segment mmol.L! b (mV/mM) a (mV) Correlation (r)
S1 3-10 8.38 579.36 0.5797
S2 7-15 -25.49 876.84 0.9901
700
S1
650 3-10mmol/L s,
a=579.36 7-15mmol/L
g b=8.38 ' a=876.84
E 600 - b=-25.49
- _
s
=3
g 550
P~
500
0 . T v T . T T v T o T b T . 1
0 2 4 6 8 10 12 14 16

[H,50;] mmol/L

Fig. 7. Effect of variable concentration of H,SO4 solution on the output of the response.

Table 6. Effect of flow rate on Zn[Hg(SCN)4] precipitate formation using the NAG-SSP.

Flow rate for three Output of response  Standard Relative standard
lines mL.min™! yi(n=3) (mV) deviation (SD) deviation (RSD%)
0.8 510 0.858 0.17
1.0 632 0.826 0.13
1.3 755 0.782 0.10
1.5 688 0.769 0.11
1.7 439 0.718 0.16
1.9 400 0.775 0.19
2.0 358 0.794 0.22

loop in the injection valve. It was recognized from
Table 7 and Fig. 9 that the most suitable volume
of ZnSO4 was 170 pL, which gave sharp maximum
peaks, regularly recorded signals, and a decreased
peak base width. Volumes greater than 170 uL led to
reduced peak intensity with distortion of the signal
recorded and an increase in peak base width. This
was attributed to a high density of Zn[Hg(SCN)4] pre-
cipitate, where extensive precipitate formation will
enhance the internal filtering effect of the precipitate
on the incident light intensity, as well as the divergent

light intensity. For the above reasons, 170 uL was
chosen as the optimum sample volume, which falls
within the S3 segment (170-200 L), with its large
intercept and high sensitivity.

Effect of reaction coil

One of the aims of this study was to decide whether
the precipitation reaction requires a reaction coil to
complete the formation of the white precipitate, and
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Table 7. Effect of the variation of Zn(ll) ion on formation of the Zn[Hg(SCN),] precipitate, as calculated via the
slope-intercept mode. (flow rate1.3mL.min~" with 7mmol.L~! H,SO, as carrier stream).

Volume of Zn(II)
segment (uL)

Output of response yi (n = 3)(mV)

Relative standard

Standard deviation (SD)  deviation (RSD%)

50 322
70 400
90 495
100 573
130 647
150 755
170 798
190 703
200 610

0.701 0.22
0.802 0.20
0.794 0.16
0.697 0.12
0.734 0.11
0.798 0.11
0.818 0.10
1.200 0.17
1.394 0.23

Segmentation mode

Volume of segment

Segment Range uL

b (mV/mM)

a (mV) Correlation (r)

S1 50-90 4.33
S2 100-150 3.55
S3 170-200 -6.05

102.92
209.00
1833.00

0.9984
0.9754
0.9831

800 -

700 <4

600 -

Response (mV)

1
-
e |

0 T T T T T
08 10 12 14 16 18 20

Flow rate mL/min

Fig. 8. Effect of variation in flow rate on Zn[Hg(SCN),4] precipitate
formation using the NAG-SSP analyzer.

further whether there would be sufficient time to
grow and form granules (which increase the sen-
sitivity by repeated homogenization of precipitate
particulates) or otherwise by the direct attachment
of such to the flow system. Thus, a variable length
of delay reaction coil (without coil — 200 L) was
connected between the second junction point and
the flow cell. It may be noted from Table 8 that
there was an increase in the signals recorded by the
NAG-SSP analyzer when using a delay reaction coil
equivalent to 50 1L, above which a decrease in signal
was obtained with a notable distortion in the shapes
of the associated peaks. This might be attributed to
diffusion and dispersion factors associated with the
white precipitate particulate segment due to increases
in dispersed regions that mostly led to the accumula-
tion of precipitate particles, reducing the reflecting
surface. Thus, a 50 uL reaction coil was used to

complete the formation of the Zn[Hg(SCN)4] precip-
itate, in complete agreement with the slope-intercept
method as explained in Fig. 10, which shows that the
first segment (S1:50-150 uL) is optimal, as based on
obtaining comparable sensitivity results to S2.

Studying calibration curve, repeatability, and
detection limit for the developed and classical
methods

Using the optimum chemical and physical param-
eters, a series of Zn(Il) ion solutions ranging from
0.05-20 mmol.L ! in concentration were prepared.
Table 9 tabulates the calibration curve for the in-
strument response of the NAG-SSP analyzer. Figs. 11
and 12 show a scatter plot diagram. A calibration
graph was derived from the scatter plot encompassing
the range 0.05-20 mmol. L}, exhibiting a corre-
lation coefficient of r = 0.9963. The linear plot
extended from 0.05-18 mmol. L} with a correla-
tion coefficient r = 0.9992. All associated findings
are summarized in Table 9. The NAG-SSP instrument
was compared with a UV-Vis spectrophotometer with
regard to the determination of the Zn(II) ion, the
method for which is based on UV-spectroscopic mea-
surements at Amax= 227 nm as shown in Figs. 13
and 14. This method involves measuring absorbance
within the range 0.008-3.70 mmol.L!, utilizing a
quartz cell. Analysis of the scatter plot indicates that
the optimal linear range for Zn(II) ion lies between
0.008-3.50 mmol.L!, exhibiting a correlation coeffi-
cient of 0.9975 and an Ry = 99.50%. Repeatability
was evaluated at two representative concentrations:
9.00 mmol-L~! (lower concentration example) and
16.00 mmol-L-'! (higher concentration example)
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Fig. 9. A-Effect of the variation of Zn(ll) ion on the formation of the Zn[Hg(SCN),4] precipitate B-Signal recorded using the NAG-SSP analyzer.

Table 8. Effect of the use of a delay reaction coil on the formation of the Zn[Hg(SCN),] precipitate with the calculation of
slope-intercept mode using optimum sample size 170uL and flow rate 1.3mL.min~".

Volume of reaction coil and Output of response  Standard Relative standard Segmentation
formation of white precipitate (1L) yi (n = 3) (mV) deviation (SD) deviation (RSD%) mode
Without reaction coil 798 0.499 0.06 S1
50-150 L
50 845 0.794 0.09 a=901.30
b =-1.570
r = 0.8983
100 700 0.762 0.11
150 688 0.999 0.15 S2
100-200 uL
200 450 1.259 0.28 a = 987.70
b =-2.500
r = 0.8865
900 +
without 50
coil o r\_‘
8004— )
Sy | \\\
s : a=901.3 | X
) r=0.89831 100 L
g 700 - ] VH_N_%_‘ SZ
5 | 1 \ 2=987.7
g | \ r=0.8865
& 600 : %
I i G
] : \\
500 - : \
1 \\200
1 v
I
0 Y 1 1 ]
0 50 100 150 200

Volume of Reaction coil (pL)

Fig. 10. Effect of reaction coil on formation of Zn[Hg(SCN),4] precipitate.

(Fig. 15). These points were selected to demon-
strate the precision of the NAG-SSP analyzer across
different regions of the calibration curve. In both

cases, the relative standard deviation was less than
0.5%, confirming the robustness and reproducibility
of the method, while for the classical method, the
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Table 9. Analytical parameters, scatter, and calibration equation for the NAG-SSP instrument.

Detection limit Repeatability n=6

o
B
A : g,
Type of mode of  Range of Y(mV)=a+SD + r2 Gradual dilution of &
range concentration of b + SD[x] Ra % the minimum § g
concentration Zn(1I) mmol.L! mmol.L} concentration 8 = RSD%
Scatter plot 0.05-20 55.29 + 25.31 + 0.9963 (0.01 mmol.L'1)
(n=19) 102.88 + 2.16 0.9926 0.489 pug/ul 9 0.234
[Zn(ID)] mmol.L1 99.26%
Linear range 0.05-18 36.55 +£ 11.79 + 0.9992 16 0.523
(n=17) 107.27 +£1.13 0.9983
[Zn(I)] mmol.L 99.83%
2000 o o ® 92000
17501 NAG-SSP Analyzer P L1750
2=55.296 E ®
~ 15001 b=102:383 v 1500
= r=0.9963 ° S
o 12501 2209926 C (1250 g
£ 1000 . 1000 %
) =
[=% ® =
z 750+ - t760 =
~ [
500+ t500 &~
2501——<1® 1250
om® _ | _ lo
0 5 15 20

[Zn (11)] mmol/L

Fig. 11. Scatter plots of variable range concentrations showing the relation between the concentration of Zn(Il) and signal response for the

NAG-SSP analyzer.

repeatability for 0.01 and 3.00 mmol.L! was RSD%
<0.5%. All results are summarized in Tables 9
and 10.

The continuous flow injection analysis via turbidi-
metric measurements using the NAG-SSP analyzer
performed in this work was used for the determi-
nation of the Zn(II) ion in three different phar-
maceuticals (Wellzinc-20-20mg Wellona pharma-
India, Coral laboratories LId-20mg-India, and Pharma
developpement-20mg-France), and was compared
with UV-spectrophotometric methods via absorbance
measurements recorded at Amax = 227nm. A series of
solutions was prepared for each drug, and standard
addition procedures were applied, which were then
measured in a UV spectrophotometer. The results of
the analyses for each of the two methods are sum-
marized in Table 11 with a confidence level of 95%
(two-tailed).

In addition to the reported linear range (0.05-18
mmol-1), detection limit (0.489 ug.sample-1) and
percentage relative standard deviation (RDS% > 1),
Further validation studies have been made to compre-
hensively evaluate the proposed method. Recovery
tests have been applied for different pharmacologi-

cal dosage forms such as capsules, sustained-release
tablets, and syrup. In compliance with the acceptance
guideline established by the pharmacopeia, the initial
recovery finding is expected to fall between 98-
102%. Interference investigations will be carried out
using common ions such as Ca+2, Mg+2, and Fe ™3,
Preliminary investigation explained that these ions,
at amounts frequently observed in pharmaceuticals,
have no significant effect on Zinc determination, con-
firming the selectivity of the precipitation reaction.
Relative standard deviation (RSD%) will be evaluated
via repeated measurement within a single day (intra-
day RSD% >2%) and over multiple consecutive days
(inter-day RSD% >3%). The results fall within the
limit of the standard pharmacopeia, confirming the
acceptable repeatability and reproducibility. Long-
term monitoring of the analyzer maintained a stable
baseline and constant sensitivity. These additional
validations strongly verify that the proposed method
was accurate, unaffected by common interferences,
stable over time, and reliable for pharmaceutical
quality control. As a summary, recovery tests with
capsule, sustained release tablets, and syrup ver-
ified accuracy (98.7-100.1%). Intra and inter-day
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Fig. 12. The calibration curve for the relationship between Zn(lIl) concentration and turbidimetric measurements.
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Fig. 14. Calibration plot for the relationship between Zn(ll) concentration and spectrophotometric measurements.

precision ranged from (1.1-1.6% RSD) and (1.9-2.6%
RSD), respectively, and are all within the acceptable
limit of the pharmacopeia. Selectivity was provided
via the interferences studied with Ca+2, Mg+2,
and Fe+ 3 up to fivefold excess, giving>2% signal
variation. As conclusion, these results of validation

demonstrate that the method was precise, accurate,
selective and stable for pharmaceutical quality con-
trol.

Variance homogeneity between the two methods
was confirmed using Levene‘s test, which gives (P
<0.05), ensuring the validation of the t-test under



1864

80rhV

BAGHDAD SCIENCE JOURNAL 2026;23(5):1852-1867

9mM
Repeatability
| IZOOmV
i6mM
3 ‘ i
: ‘ l ’
2 f i —
| |
i 1 N
T RITEL | |
T Jég%MuLJUUUH\JL
L 1 i i Il 1 " J
| = =| = = | =

I
"
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Table 10. Analytical parameters and calibration equation for UV-Vis spectrophotometer. Comparison between UV-Vis spec-

trophotometry methods and the NAG-SSP analyzer.

Detection limit Repeatability n=6

g
r g
Type of mode of  Range of YmV)=a+SD + 12 Gradual dilution of ‘E R
range concentration of b £ SD[x] Rs % the minimum § E
concentration Zn(11) mmol.L! mmol.L ! concentration 8 g RSD%
Scatter plot 0.042 + 0.021 + 0.9969
0.008-3.7 0.523 £+ 0.011 0.9939 (0.005 mmol.L1) 0.1 0.523
[Zn(I1)] mmol.L ! 99.39%
Linear range 0.032 £ 0.018 + 0.9975 3.0 0.325
0.008-3.5 0.544 £ 0.011 0.9950
[Zn(11)] mmol.L! 99.50%

the assumption of equal variance. Normality of data
distribution was evaluated using the Shapiro-Wilk
test, and all groups display non-significant deviation
from normality (P <0.05). The number of replica-
tions (n=6) for each drug and method was selected
to attain a statistical power of at least 0.8 at 95%
confidence level. This guarantees that the proposed
method has enough power to identify significant vari-
ance between methods. The comparison between the
NAG-SSP analyzer and UV-Vis spectrophotometry is
statistically robust and reliable by verifying vari-
ance quality, normal distribution, and proper sample
size.

Additionally, Table 11 provides information on the
Zn(Il) ion content for each pharmaceutical, as well
as the recovery of determination. An individual and
paired t-test was also conducted.

A comparison was made via two statistical treat-
ments: in the first statistical test, a comparison was

made between the 20 mg quoted for each pharma-
ceutical with the mean value of each of their content
as determined by the NAG-SSP instrument.

H,:1(20mg) = Wi represents the proposed hypoth-
esis

Ho:u(20mg) # Wi represents the alternative hy-
pothesis

From the results obtained, it was observed that
there was no significant difference between the mea-
sured mean values (Wi) and the official quoted values
(u 20mg) because t-tab(4.303) was greater than the
t-value for these pharmaceuticals.

The second comparison used a paired t-test to com-
pare the results obtained from each method, ignoring
which company produced the tablet.

Null hypothesis: H,:uNAG-SSP instrument = pUV-
VIS Spectrophotometer instrument.

Alternative hypothesis: H; :uNAG-SSP instrument #
nUV-VIS Spectrophotometer instrument.
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Table 11. Standard procedure results and statistical treatment for the determination of the zinc ion in three pharmaceuticals using the

NAG-SSP analyzer and UV-Vis spectrophotometer.

=
i
Sk
QE) § Standard addition equation  Practical content oi Tg Paired t-test between
s ; at 95% for n-2 Y(mV) = a Wi+4.3030n- § i NAG-SSP analyzer
s = g 4+ sat + b &+ sbt[Zn(II)] l/ﬁ(mg) for (n = 3), 8 .E é’ with UV-vis
% % E‘ 1,12,R2% at 95% & k= spectrophotometer
= o
E‘ é _; Developed Instrument
< 3 &
@ Us UV-VIS spectrophotometer
1 Wellzinc-20 20 40.130 £+ 1.224 + 163.146 19.681 + 2.314 98.41% |—0.593 |
mg Wellona + 3.241 0.9989, 0.9978, <4.303
pharma-India 99.78%
0.183 £ 0.0182 + 0.759 + 19.292 + 2.324 96.46% |—2.567 | tcal = 2.215
0.0221 <4.303 ttab: 4' 303
2 Coral laboratories ~ 38.823 + 2.021 + 161.897 9 215_<'4 303
LId 20 mg India + 3.421 19.210 + 1.323 96.05% |—0.322 | Si 2-taile;1 — 0.270
0.9986, 0.9972, 99.72% <4.303 0 570 -0 05_ ’
0.168 £ 0.0212 + 0.706 £+ 19.063 + 2.021 95.31% |—1.312] : :
0.121 <4.303
3 Pharma 42.321 +£1.832 + 176.338
development 20 + 3.582 19.200 + 1.832 96.00% |—1.994 |
mg France 0.9899, 0.9799, 97.99% <4.303
0.171 £ 0.0212 + 0.701 + 19.282 + 2.321 96.41% |—1.331]
0.123 <4.303

The results obtained, shown in Table 11, column 7,
clearly indicate that there was no statistically signifi-
cant difference between the NAG-SSP instrument and
UV-Vis spectrophotometer; however, the developed
method allows for rapid analysis at reduced cost at
the 95% (o = 0.05) confidence level.

Conclusion

This study successfully developed and validated
the NAG 5SX1 1D SSP analyzer for the determi-
nation of zinc ions in pharmaceutical formulations.
The suggested method successfully approaches the
research objective of providing a highly sensitive,
portable, and affordable substitute for conventional
spectrophotometric methods. The analyzer exhibited
a low limit of detection (0.489 ug - sampl-1), a
wide range of linearity (0.05-18 mmol-L7!), out-
standing precision with RSD% >1, and minimum
sensitivity to electronic noise. Innovative design fac-
tors such as varied internal tube width and regulated
multi-LED light are significantly responsible for per-
formance quality. The current method offers easier
operation, cheaper, and better portability for routine
quality control compared to the conventional UV-Vis
spectrophotometric method. Despite the benefit, the
current technique is limited by the need for mercuric
chloride, thereby calling for careful security measures
and environmentally responsible waste management.

Future research will focus on the analyzer capabilities
to determine other metal ions and assess its suitability
for the determination of zinc ions in biological sam-
ples.

Overall, the proposed work demonstrates the prac-
tical utility and scientific significance of the devel-
oped analytical approach in pharmaceutical analysis.
By directly aligning experimental findings with the
study objectives, emphasizing both limitations and
strengths, and offering distinct future directions.
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