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The traditional standard method for the determination of the heavy metal pollutant antimony (Sb) in water,
5-Br-PADAP spectrophotometry, involves the consumption of many kinds of chemical reagents and has
low sensitivity. For highly toxic liquid and gas containing Sb(i), this paper presents a green determination
method based on UV/Os synergistic oxidation-malachite green-dispersive liquid—-liquid microextraction
(DLLME)-spectrophotometry, which can achieve the enrichment of a trace amount of antimony in water
and high-precision detection. Using the selective complexation and color development of protonated
alkaline dye and the solubility difference of the complexes involved, an enrichment and determination
method for trace Sb(v) in surface water was established for the first time. Based on the feature of the UV/
Oz system of rapid and complete oxidation of Sb(m), and the easy elimination of the disturbance of
residual oxidant, the green determination method for trace total antimony (TSb) was constructed based
on advanced oxidation processes (AOPs). To verify the validity of the proposed method, all the process
parameters and environmental factors affecting the oxidation efficiency of Sb(in) and the enrichment
performance of DLLME were investigated and optimized. The results showed that the proposed method
exhibited good linearity (R? = 0.9943), a low method detection limit (MDL = 0.3208 pg LY, and high
precision (1.63%) and accuracy (0.64%) in the range of 1-30 ug L%, under the optimized process

Received 18th January 2025
Accepted 28th April 2025

DOI: 10.1039/d5ra00432b conditions. By the difference method, the trace free antimony (Sb(m), Sb(v)) and total antimony (TSb) can
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1. Introduction valence states: Sb(v), Sb(m), Sb(0), and Sb(-m)."* Sb(m) and Sb(v)
mainly exist in the surface water environment as well as in living
organisms, with inorganic antimony(u) being about 10 times
more toxic than inorganic antimony(v).""*> The United States
requires that the antimony content of drinking water is less than 6
ug L7, the European Union regulates it at 5 ug L™ *,** and China
stipulates that it should not be higher than 5 pg L', Antimony
contamination in the surface water environment can directly
affect public water safety.

There are numerous methods for detecting antimony in

Antimony (Sb), a heavy metal with a silvery lustre, exists in nature
mainly in the form of the sulfide ore stibnite (Sb,S;)." 60% of
antimony's downstream products are flame retardants, 25% are
lead-acid batteries, and the remaining 15% include pharmaceu-
ticals, military products, heat stabilizers,” photovoltaic glass, and
solar cells.* Antimony plays a significant role in the
manufacturing industry, and its demand has increased dramati-
cally with societal development. Large quantities of antimony-

containing substances are produced during the mining process,
production of downstream products, and end-of-life disposal,*®
which cause damage to groundwater and surface water through
soil runoff under the effect of rapid vertical infiltration.®” Anti-
mony and its compounds induce diseases by inhibiting the
activity of enzymes related to ATP production in the body,* and
even heart diseases such as myocarditis when ingested in large
quantities over a short period of time. In the context of serious
pollution, antimony contamination is being recognized as
a global threat.® Antimony in nature is mainly found in four
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water, broadly classified into atomic fluorescence spectrometry
(AFS),"* atomic absorption spectrometry (AAS),** inductively
coupled plasma mass spectrometry (ICP-MS),*® electrochemical
analysis,"”*® spectrophotometry,” etc. Among them, methods
such as AFS, AAS, and ICP-MS offer high detection accuracy and
low detection limits, but the instruments used are expensive
and require extensive sample pretreatment.>®** In electro-
chemical analysis, factors such as the influence of co-existing
ions and the state of the electrode surface must be consid-
ered, and the uncertainty of the electrode state limits its
potential for continuous detection.” However, the traditional
photometric methods are complicated in operation, involve the
addition of various chemical reagents, and pose potential
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secondary contamination risks during the detection process.
Many detection methods focus on the detection of Sb(ir),>**
and emissions of waste liquid or gas containing a large amount
of Sb(m) pose a greater toxicity risk and pressure on the envi-
ronment. Antimony in natural waters often exists at trace or
even ultra-trace concentrations, and in order to ensure the
accuracy of detection results, it is necessary to develop a highly
sensitive color development and enrichment method for water
samples first, combined with the traditional spectrophoto-
metric method (cheap price but low sensitivity) to achieve
automatic online detection of antimony in water quality. The
main enrichment methods for antimony-containing samples
include adsorption, co-precipitation, and extraction, with the
latter becoming the primary method due to the poor selectivity
and numerous interfering factors associated with the first two
methods. Extraction methods include single-drop micro-
extraction (SDME), dispersive liquid-liquid microextraction
(DLLME), and cloud point extraction (CPE). Oviedo et al.*’
detected Sb(m) using DLLME, while Biata et al.,*® Hagarova
et al.,” and Snigur et al* detected Sb(ur) using CPE, all
achieving low detection limits but also encountering the issue
of a large amount of Sb(ui) existing in the discharged waste
liquid. Therefore, it is of great practical significance to develop
a new detection method for antimony in water that is safe,
environmentally friendly, economical, efficient, and green.

In the present work, a novel and green detection method for
trace heavy metal antimony in water was developed, based on UV/
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Fig. 1 Schematic diagram of a gas—liquid reactor.
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O3 synergistic oxidation, malachite green-liquid-liquid micro-
extraction, and spectrophotometry. In the proposed methodology,
ultraviolet irradiation was used to activate O; for the synergistic
oxidation of the highly toxic Sb(i) in water. Malachite green and
liquid-liquid microextraction technology were then employed for
the color development and enrichment of the oxidized Sb(v).
Finally, spectrophotometry was used to accurately determine the
Sb(v) concentration (total antimony). The approach also employs
the difference method to determine the valence distribution of
free antimony (Sb(m), Sb(v)) by measuring the Sb(v) concentration
before and after the synergistic oxidation treatment. This
approach is environmentally friendly, rapid, and of low cost, and
requires mild reaction conditions, addressing many of the defi-
ciencies in existing Sb(m) detection methods.

2. Materials and methods

2.1 Instrumentation

The setup (self-made) for the UV/O; co-oxidation of Sb(i) in this
experiment mainly consists of a jacketed gas-liquid reactor,
a UV light source, an air-source ozone generator, a temperature-
controlled water bath (thermostatic magnetic stirrer), and
a circulating pump, as shown in the schematic diagram in
Fig. 1.

The gas-liquid reactor, which is cylindrical and made of
ordinary glass, has a 15 W UVC lamp at its center with a wave-
length of 254 nm and a UVC intensity of 33-37 yW cm ™2 at 1 m.
This light intensity ensures that the solution within the gas-
liquid reactor is fully irradiated, and the UVC lamp is protected
by a quartz tube sheath. The temperature-controlled water bath
is connected to a 24 VDC micro pump to circulate water from
the bath into the jacket of the gas-liquid reactor to maintain the
reaction temperature. Silicone tube is used to connect the
reactor, the pump, and the temperature-controlled water bath.
The cost of the experimental setup is shown in Table 1.

The main instruments used in this experiment for the
enrichment and detection of antimony(v) by liquid-liquid
microextraction methods were a centrifuge (ShangYi, Shanghai,
China), an ultrasonic cleaner (KeXi, Beijing, China), and a UV-
visible spectrophotometer (JINGHUA, Shanghai, China).

2.2 Reagents

All reagents used in the proposed method were analytical grade.
Diphenylcarbazide solution at 20 mg L' was prepared using
granular diphenylcarbazide (YONGHUA, Suzhou, China) in
acetone (99.7%) (SINOPHARM, Beijing, China), followed by

Table 1 Installation cost

Number Apparatus name Model Quantity Unit price (CNY)
1 Gas-liquid reactor Customization 1 500

2 UV light source ZW15S8Y-D287 1 150

3 Air-source ozone generator FL-10H-SCL 1 60

4 Temperature-controlled water DF-101S 1 650

bath
5 Circulating pump KLC2 1 50

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dilution with deionized water. Stock standard solutions at
1000 mg L' of Sb(v) or Sb(m) were prepared by dissolving
potassium hexahydroxoantimonate (99.0%) (Aladdin, Shanghai,
China) or potassium antimonyl tartrate (99.5%) (SINOPHARM,
Beijing, China) in deionized water. Working solutions were
prepared daily by diluting the previous solution with deionized
water. NaOH solution (0.1 mol L") was prepared by dissolving
granular NaOH (MACKLIN, Hangzhou, China) in deionized water.
Stock standard solution of malachite green (0.2%) was prepared
by dissolving granular malachite green (MG) (BBI, Shanghai,
China) in deionized water. The working solution was prepared
daily by diluting the previous solution with deionized water. Stock
standard solution at 1000 mg L~ " of Cr(vi) was directly purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. The
extractant used in this experiment is chlorobenzene (98%) (Titan,
Shanghai, China), and the complexing agent is hydrochloric acid
(99.99%) (Yonghua, Changshu, China). All other reagents used in
this experiment were prepared using deionized water.

2.3 Principle of color development and enrichment for Sb(v)

In acidic solution, Sb>" can quickly form the [SbCl]~ complex
anion with CI". After the dissolution of malachite green in water,
MG' can complex with [SbClg]™ at a high concentration of hydro-
chloric acid to form an electrically neutral complex. This complex
can be extracted with a small amount of chlorobenzene. Under
ultrasonication, emulsification occurs, increasing the chance of
contact between the small droplets of the organic phase and the
antimony complex, and thus accelerating the rate of mass transfer.
After short-time centrifugation to complete phase separation, the
organic phase can be taken for detection (Fig. 2). The reaction
process of the MG[SbClg] complex is shown in eqn (1) and (2):

Sb>* + 6C1~ — [SbClg]™ (1)

[SbCls ]~ + MG* — MG[SbClg] )

2.4 Methodological steps

(1) Turn on the circulating water pump and the constant
temperature magnetic stirring device to stabilize the tempera-
ture inside the jacket of the gas-liquid reactor at 35 °C.

(2) Turn on the air-source ozone generator and air pump,
and adjust the ozone flow rate to 0.3 L min ™.

@ [SbCls]-
®MG*

) ommp

photometric
determination

centrifugal
Add MG*

separation

complexation

Fig. 2 Schematic diagram of the steps for liquid—liquid micro-
extraction of Sb(v).
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(3) Take 40 mL of the Sb(m) solution (working standard
solutions or water samples), adjust the pH in range of 7 to 9
using hydrochloric acid and sodium hydroxide, and then inject
it into the gas-liquid reactor.

(4) Turn on the UV lamp source and oxidate the water sample
for 15 min.

(5) After stirring and allowing the solution to stand for 10
minutes, transfer 5 mL of the sample to a 10 mL centrifuge tube,
add 3.33 mL of concentrated hydrochloric acid, dilute to 10 mL
with deionised water, and shake well. At this point, the hydro-
chloric acid concentration in the 10 mL sample is approxi-
mately 4 mol L.

(6) Continue to add 0.4 mL of the 0.02% malachite green
working solution dropwise to the centrifuge tube and shake for
30 s.

(7) Quickly add 0.20 mL of chlorobenzene after shaking, and
emulsify in an ultrasonic cleaner for 30 s.

(8) Place the centrifuge tube into a centrifuge and carry out
centrifugal separation at 3500 rpm for 1 min, then carefully
transfer the organic phase to a 700 pL microcuvette for photo-
metric determination at an absorption wavelength of 628 nm,
and calculate the total inorganic antimony in the water samples
using the working curve of Sb(v).

2.5 Total antimony and Sb(m) determination

Prior to O3 or UV/O; co-oxidation, the water sample to be tested
is taken for Sb(v) determination by malachite green-liquid-
liquid microextraction-spectrophotometry. The amounts of
Sb(v) after O; oxidation and UV/O; co-oxidation of the water
sample are determined as total inorganic antimony and total
antimony, respectively, following the above procedure. Thus,
Sb(m) and organic antimony can be determined from the
difference between the total inorganic antimony and Sb(v).

3. Results and discussion

3.1 Factors affecting the synergistic oxidation of Sbh(m) by
UV/O;

In this experiment, the hexavalent chromium oxidation method
was used to indirectly detect the concentration of Sb(m) in
solution, which is based on the principle that Cr(vi) can react
with diphenylcarbazide to form a violet complex, and the
concentration was determined by spectrophotometry (A = 540
nm). While Cr(ur) does not show color with diphenylcarbazide,
the stoichiometric reaction of Cr(vi) being reduced to Cr(u) by
Sb(ur) was used to determine the concentration of Cr(vi) after the
completion of the reaction to determine the amount of Sb(u)
indirectly. The reaction equation is shown in eqn (3):

3Sb(mm) + 2Cr(vi) — 3Sb(v) + 2Cr(1m) (3)

Let the concentration of Sb(m) in the initial state be [Sbo(m)],
and the concentration of Sb(m) at time ¢ be [Sby(III)], then the
oxidation efficiency of Sb(m) is characterized by the conversion
rate of Sb(m) in the solution at time ¢, CR, which is calculated as
shown in eqn (4):

© 2025 The Author(s). Published by the Royal Society of Chemistry
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[Sb.(11D)]

R = Sbo (1)

(4)

Three parallel determinations were conducted for each
experiment, and the average value of the three results was taken
to explore the influencing factors.

3.1.1 Products of the synergistic oxidation of Sb(u1) by UV/
0;. Before investigating the factors affecting the oxidation effi-
ciency of Sb(i), the products of the oxidation of Sb(ur) by the UV/
O; system were first experimentally determined by fixing
[Sbo(m)] at 2 mg L' and taking samples every 2 min to deter-
mine the trends in the concentrations of Sb(ur) and Sb(v) in the
solution over oxidation time, and the results are shown in Fig. 3.

According to the experimental results, under the action of
UV/O;, with the prolongation of the reaction time, the
decreasing trend in the concentration of Sb(m) and the
increasing trend in Sb(v) are almost identical, proving that the
synergistic oxidation of Sb(ui) to Sb(v) by UV/O; is feasible under
suitable conditions.

3.1.2 Effect of reaction temperature on oxidation effi-
ciency. Temperature is an important process parameter during
UV/O; oxidation and has a significant effect on the oxidation
efficiency. In the UV/O; oxidation process, the reaction
temperature needs to be properly controlled to achieve the
desired oxidation efficiency. The results of Sb(v) concentration
detected in the solution when oxidized at different reaction
temperatures are shown in Fig. 4.

According to the experimental results, it can be concluded
that the oxidation efficiency of Sb(m) increases and then
decreases with the increase of reaction temperature, and the
reaction temperature of 35 °C was selected, considering energy
consumption and oxidation efficiency. The reason for the
decrease in oxidation efficiency with the increase of reaction
temperature may be that the survival time of free radicals
becomes shorter with the increase of temperature, and at the
same time, the solubility and concentration of ozone in the
aqueous solution decrease, and the number of free radicals
produced by the synergistic action of UV/O3; becomes less.
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Fig. 3 Concentration of Sb(v) and Sb(i) in solution. Conditions:
reaction temperature: 40 °C; ozone flow: 0.4 L min~; pH: 7; with all
other conditions as per Section 2.4.
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Fig. 4 Effect of reaction temperature on Sb(i) oxidation efficiency.
Conditions: reaction temperature: 25 °C, 35 °C, 40 °C, and 50 °C;
ozone flow: 0.4 L min~*; oxidation time: 10 min; pH: 7; with all other
conditions as per Section 2.4.

3.1.3 Effect of ozone flow on oxidation efficiency.
Increasing the concentration of ozone in the aqueous solution
is the key to increasing the UV/O; synergistic oxidation of
antimony. Therefore, an appropriate ozone flow is needed in the
gas-liquid reaction process. The concentration of Sb(v) was
observed at different ozone flow rates, and the experimental
results are shown in Fig. 5.

From the data in Fig. 5, it can be seen that the oxidation
efficiency of Sb(i) increases with the increase of ozone flow rate
and tends to stabilize when the flow rate is greater than 0.3
L min ', At this point, the concentration of Sb(v) tends to
2 mg L%, and the oxidation efficiency of Sb(m) in the water
sample is close to 99%. For energy-saving and flooding
considerations, the optimum ozone flow rate was selected to be
0.3 L min~ .

3.1.4 Effect of pH on oxidation efficiency. The pH has
a strong influence not only on the speciation of antimony in an
ambient medium?®' but also on the speciation of ozone in water.
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Fig. 5 Effect of ozone flow on Sb(i) oxidation efficiency. Conditions:
reaction temperature: 35 °C; ozone flow: 0.1 L min™%, 0.2 L min™%, 0.3
L min% 0.4 L min™, 0.5 L min~%, and 0.6 L min™'; oxidation time:
10 min; pH: 7; with all other conditions as per Section 2.4.

RSC Adv, 2025, 15, 16734-16741 | 16737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00432b

Open Access Article. Published on 20 May 2025. Downloaded on 4/20/2026 5:39:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

207 o R
-
g JE
=1.51 .
S
ey 1y
Q(Ij ,l/"
= 1.0 1 i
S I
k5 1/
& i
§ 059 7 - - pH=11
g 7 ---4--- pH=7
] —s— pH=3
0.0 T T
0 5 10 15
Time (min)

Fig. 6 Effect of different pH values on Sb() oxidation efficiency.
Conditions: reaction temperature: 35 °C; ozone flow: 0.3 L min~%; pH:
3,7, and 11; with all other conditions as per Section 2.4.

The oxidation time was fixed at 15 min, and the concentration
of Sb(v) in the solution was detected by taking samples at 3-
minute intervals. The oxidation efficiency of UV/O; for Sb(m)
was observed at different pH values, and the experimental
results are shown in Fig. 6.

From Fig. 6, it can be seen that the conversion rate of Sb(i)
by UV/O; co-oxidation increased with increasing pH, and the
conversion rate of Sb(m) reached close to 98% at pH = 11 and an
oxidation time of 6 min. Besides, the conversion rate of Sb(i)
was close to 100% at pH = 7 and an oxidation time of 9 min. At
pH = 3, the oxidation efficiency of Sb(m) was found to be
affected, and only 80% of Sb(ur) was oxidized after 15 min. The
reason may be that the oxidation of Sb(m) is dominated by O3 in
acidic environments, and the large amount of H" in the solution
inhibited the conversion of ‘OH, which led to the decrease of
the oxidation efficiency. Simultaneously, the large amount of
Cl™ added during pH adjustment consumed most of the ‘OH,
which also led to the decrease of the oxidation efficiency. It can
be seen that the oxidation efficiency of Sb(m) is different at
different pH levels. In the range of pH = 7-11, Sb(m) can be
completely oxidized within 10 min.

3.1.5 Effect of inorganic ions on oxidation efficiency. In
natural water bodies, water samples usually contain complex
inorganic anions such as Cl~, NO;~, CO;>~ and HCO;~, which
will consume o#OH to varying degrees in the UV/O; co-oxidation
system, thus affecting the oxidation efficiency of Sb(i). In order
to investigate and verify the applicability of the UV/O;3 co-
oxidation method, three common inorganic anions, Cl,
NO;~ and HCO; 7, in surface water, drinking water, and
wastewater were selected under different pH environments to
study their effects on the oxidation efficiency of Sb(m), and the
experimental results are shown in Fig. 7-9.

According to Fig. 7, when the concentration of Cl™ is
0.1 mol L™! in water, there is almost no interference with the
oxidation of antimony. When it reaches 1 mol L', it has
a significant impact on the oxidation efficiency of Sb(ur). The
main reason is that under weakly acidic conditions, ‘OH
contributes more to the oxidation of Sb(ur), but the high
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Fig. 7 Effect of Cl” concentration on Sb(in) oxidation efficiency.
Conditions: Cl~ concentration: 0.1 mol L™ and 1 mol L™ pH: 5-6,
with all other conditions as per Section 2.4.

r—\2.0" ...... —— 3

S T =

o =

é //

é\l‘S-

£

]

© 1.0

gl

g - - 0 mol/L NO;

0.5 )

2 —— 0.1 mol/L NOj

3 -+ - 1 mol/L NO;
0.0 T T T

0 5 10 15
Time (min)

Fig. 8 Effect of NO®~ concentration on Sb(i) oxidation efficiency.
Conditions: NO3z~ concentration: 0.1 mol L™t and 1 mol L™%; pH: 7; with
all other steps as per Section 2.4.

concentration of CI~ consumes a large amount of ‘OH in
water, resulting in the reduction of the oxidation efficiency of
Sb(u).

According to Fig. 8, it can be seen that in a neutral envi-
ronment, a low concentration of NO, ™ has a slight effect on the
oxidation efficiency of antimony. When the concentration of
NO,~ in water is 1 mol L™ and the oxidation time is 6 min, the
conversion rate of Sb(mr) reaches 97.5%, which is higher than
the efficiency without NO; ™. This indicates that NO;~ promotes
the oxidation of Sb(i) to a certain extent, but the contribution of
"NO, to the oxidation of Sb(m) in this process is still unclear.

According to Fig. 9, when the concentration of CO;> in the
water sample is 0.1 mol L7, there is obvious interference of
Sb(m), but Sb(im) can still be completely oxidized within 15 min.
When the concentration of CO;>” is 1 mol L™, the ability of the
UV/O; system to oxidize Sb(w) is slightly decreased compared
with that at 0.1 mol L™, and Sb(ur) can be completely oxidized
in 15 min. In general, the concentration of CO;>~ has little effect
on the oxidation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of CO3°~ concentration on Sb(i) oxidation efficiency.
Conditions: CO32~ concentration: 0.1 mol L™* and 1 mol L™%; pH: 11;
with all other steps as per Section 2.4.

3.2 Factors affecting the liquid-liquid microextraction

3.2.1 Effect of malachite green concentration on LLME.
The absorbance changes in the organic phase at malachite
green concentrations of 0.005%, 0.01%, 0.02%, 0.04%, 0.06%,
0.08%, and 0.10% are depicted in Fig. 10.

According to the data in the graph, it can be observed that
the absorbance of the organic phase increases progressively
with increasing malachite green concentration, and when the
concentration is more than 0.02%, the absorbance of the
organic phase fluctuates slightly, but the change is not signifi-
cant. Therefore, a malachite green concentration of 0.02% was
chosen for subsequent optimization experiments.

3.2.2 Effect of sonication time on LLME. The absorbance
changes in the organic phase at sonication times of 5 s, 10 s,
20 s, 30 s, 40 s, 50 s, and 60 s are shown in Fig. 11.

From Fig. 11, it is observed that the absorbance of the
organic phase begins to increase with increasing sonication
time, when the ultrasonic emulsification treatment time was
greater than 20 s, the organic phase absorbance did not change
much, and when the treatment time was greater than 50 s, there
was a small decrease in absorbance. This may be due to the fact
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0.00 0.02 0.04 0.06 0.08 0.10

Concentration of MG (%)

Fig. 10 Effect of malachite green concentration on LLME. Conditions:
hydrochloric acid concentration in the 10 mL sample: 2.4 mol L™%; with
all other steps as per Section 2.4.
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Fig. 11 Effect of sonication time on LLME. Conditions: hydrochloric
acid concentration in the 10 mL sample: 2.4 mol L™%; with all other
steps as per Section 2.4.

that some of the MG[SbClg] complexes were destroyed by the
ultrasonic energy and de-complexed, and the MG" returned to
the aqueous phase, resulting in a decrease in the amount of MG
[SbCls] extracted into the organic phase.

3.2.3 Effect of hydrochloric acid concentration on LLME.
The absorbance changes in the organic phase upon adding 2.08
mL, 2.50 mL, 2.91 mL, 3.33 mL, 3.75 mL, 4.17 mL, and 5.00 mL
of hydrochloric acid are shown in Fig. 12.

The results showed that the absorbance of the organic phase
gradually increased with the increase of hydrochloric acid
concentration, and began to decrease when the hydrochloric
acid concentration was greater than 4 mol L™ " (3.33 mL). The
optimum concentration of hydrochloric acid was chosen as
4 mol L™,

Through the investigation of single factor experiments, the
optimized extraction conditions of the malachite green-liquid-
liquid microextraction-spectrophotometry for the determina-
tion of antimony are as follows: 5.0 mL water sample; 3.33 mL of
concentrated hydrochloric acid; 400 pL malachite green with
a concentration of 0.02%; 0.2 mL chlorobenzene; sonication
time of 20 s.

0.50

Absorbance
(=]
(3]
W
1

0.00 T T T T T T T T
20 25 3.0 35 40 45 50 55 6.0 6.5
Concentration of HCI (mol/L)

Fig. 12 Effect of HCl concentration on LLME. Conditions: malachite
green concentration: 0.02%; sonication time: 30 s; with all other steps
as per Section 2.4.
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3.3 Analytical performance

3.3.1 Working curve. The standard solution was prepared
from Sb(m) stock standard solution at concentrations of 1-30 pg
L', and then co-oxidized by UV/O; under the above optimal
conditions for determination. The absorbance of the blank was
measured after treatment using deionised water instead of the
sample, and the results are shown in Fig. 13. The equation of
the working curve for Sb(v) after oxidation by UV/O; was ob-
tained in the range of 1-30 pg L™ ": y = 0.0091x + 0.0155 (R> =
0.9943), where x represents the concentration of Sb(v), and y is
the net absorbance measured after oxidation by UV/O;.

3.3.2 Method detection limit. The absorbance of the
sample (4;) measured by the optimized UV/O; synergistic
oxidation-malachite  green-liquid-liquid  microextraction-
spectrophotometry (AOPs-MG-LLME-Vis), and the blank absor-
bance (4p) were measured by repeating the above procedure
with deionised water in place of the sample, and the measure-
ment was carried out eight times (n = 8, t = 2.998) in parallel.
The experimental results are shown in Table 2. The method
detection limit (MDL) for the determination of trace Sb(v) was
calculated to be approximately 0.3208 ug L™ ™.

3.3.3 Precision and accuracy. Sb(m) solutions were further
prepared at concentrations of 6 pg L™ and 24 pg L™". The net
absorbance of the samples was determined, and the

0.50
=0.0091x+0.0155
R’=0.9943
3
[=]
3
5 0.25 -
N
<
)
0.00 : :

0 5 10 15 20 25 30 35
Concentration of Sb(V) (ug/L)

Fig. 13 Sb(v) working curve. Conditions: with all other steps as per
Section 2.4.

Table 2 Blank experiment results table (AOPs-MG-LLME-Vis)

Blank concentration Average concentration Standard

Number value (ug L) value (ug L") deviation (5)

—0.1429
—0.1099

0.0110

0.0770
—0.1868
—0.2198
—0.1758
—0.1978

—0.1181 0.1070

W N O Ul W N
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Table 3 AOPs- LLME method accuracy test

Standard sample Standard sample

Number concentration 6 pg L~'  concentration 24 pug L™
1 6.1233 24.1205
2 6.0195 24.2201
3 5.8995 23.7895
4 6.1025 24.0018
5 5.9514 23.8541
6 6.1358 23.5569
Mean value 6.0387 23.9238
Relative standard  1.63 1.01
deviation (%)

Relative error (%) 0.64 —0.32
Precision (%) 1.63

Accuracy (%) 0.64

concentrations were calculated according to the optimised
AOPs-MG-LLME-Vis method. The calculated precision and
accuracy results are shown in Table 3. The precision of the
proposed method for the determination of trace Sb(v) was
calculated to be 1.63%, and the accuracy was 0.64%. Lima
et al.,*” Correia et al.,*® Jakavula et al.,** Moradi et al.,** and Biata
et al.”® employed methods such as AFS, AAS, and ICP-OES for
antimony detection in water, achieving precision levels ranging
from 2.4% to 4.7% and accuracy values all exceeding 0.7%.

Through performance evaluation, our method demonstrates
superior precision and accuracy compared to most existing
techniques for trace antimony detection in water. However, its
detection limit remains higher than those of widely used
methods like HG-AFS, HG-AAS, and ICP-OES. Future efforts
should focus on optimizing enrichment strategies to further
reduce the detection limit and enhance sensitivity.

4. Conclusions

In this paper, a novel and green method based on O; or UV/O;
synergistic oxidation technology and malachite green-
dispersive liquid-liquid microextraction-spectrophotometry is
employed for the enrichment and high-precision determination
of trace antimony (TSb, Sb(v) and Sb(m)) in water. Through
single-factor experiments, all the process parameters and
environmental factors affecting the oxidation efficiency of Sb(m)
and the enrichment performance of dispersive liquid-liquid
microextraction (DLLME) were analyzed, and all the process
conditions of the proposed method were optimized, resulting in
a detection process that is green, fast, and low-cost, and has
mild reaction conditions.

The determination of trace antimony(v) using liquid-liquid
microextraction technology is a novel enrichment detection
method, which can significantly reduce the use of extractants,
minimize secondary pollution, and render the final waste liquid
virtually free of antimony(m) through the oxidation treatment of
water samples, making it more environmentally friendly. This
method employs spectrophotometric detection and is therefore
not suitable for determining the antimony content in naturally
colored water samples due to potential interference from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intrinsic chromophores. The proposed method, requiring only
a trace amount of extractant and based on the determination of
Sb(v), is expected to become a green and promising alternative
to mainstream Sb(ur) detection methods.
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