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Abstract
In this research, a dispersive solid phase extraction procedure based on changing the solubility of octadecylamine with pH 
was proposed to determine  Ag+ ions in different water samples. For this purpose, first, the pH of sample solution containing 
the analyte was adjusted to 10.5. Then desired volume of the octadecylamine dissolved in acidic solution was injected into 
the solution. Because of the low solubility of octadecylamine in alkaline solution, a cloudy state was formed. The produced 
octadecylamine particles acted as a complexing agent for  Ag+ ions and adsorbent for the formed complex. The obtained 
cloudy solution was centrifuged and the sedimented particles were removed and dissolved in a diluted nitric acid solution. 
It was injected into a flame atomic absorption spectrometry to determine the extracted amounts of the analyte. The effect of 
important parameters such as the amount of octadecylamine, volume of nitric acid, and centrifugation and vortexing condi-
tions on the extraction efficiency of the procedure was studied and optimized. In optimal conditions, the developed method 
showed a linear range of 0.50–200 µg  L−1. The limits of detection and quantification were 0.18 and 0.50 µg  L−1, respectively. 
Extraction recovery was 93.6%. The relative standard deviations were less than 4%. The effectiveness of the method was 
investigated by determination of  Ag+ ions in water and wastewater samples.

Keywords Dispersive solid phase extraction · Octadecylamine · pH-induced microextraction · In-situ formation of 
adsorbent · Silver · Flame atomic absorption spectroscopy

Introduction

In the current era, many efforts are made to develop the 
methods for detecting metal ions from biological and chemi-
cal point of view, and among the various types of metal ions, 
silver ion is considered for identification due to its effective 
roles in the biology and environment and also as a valuable 
metal for the production of products such as mirror, photo-
graphic film [1], coin [2], electronic components and paper 
jewelry [3]. Because of antibacterial properties of silver ion, 
it is used in antibacterial clothes and water purification [4]. 

It is utilized in traditional Indian and Chinese medicines 
because of its antimicrobial properties to eliminate contami-
nations in food hygiene [5]. The WHO announced that about 
0.1 mg  L−1 of silver(I) ions does not have adverse effects on 
human life, and this level in drinking water does not harm 
human health [6, 7]. Long time exposure to silver or its high 
concentrations can result in significant health problems [8]. 
Therefore, analysis of trace amounts of Ag(I) is significant 
in many fields [9].

To determine  Ag+ ions, different methods such as spec-
trophotometry [10, 11], nanosensor [12], inductively cou-
pled plasma (ICP)-mass spectrometry [13], liquid chro-
matography with electrochemical detector [14], stripping 
voltammetry [15], dynamic light scattering and UV spec-
troscopy [16], ICP-optical emission spectrometry [17], and 
flame atomic absorption spectroscopy (FAAS) [9, 18, 19] 
were used. Due to the problems of small amount of analytes 
in real samples and matrix effect, sample preconcentration 
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step plays an effective role in analyses [20–22]. Up to now, 
various methods like solid phase extraction (SPE) [23–25], 
dispersive liquid–liquid microextraction [26–29], homoge-
neous liquid–liquid extraction [30], solid phase microextrac-
tion [31], dispersive solid phase extraction (DSPE) [32], and 
liquid–liquid extraction [33] have been used for extraction 
of  Ag+ ions.

In a common DSPE, an adsorbent is usually dispersed 
into solution by sonication or vortexing [34–36]. This 
method does not need sorbent packing like conventional SPE 
and also has high extraction recoveries (ERs) [37]. DSPE 
has been interested by researchers and increasingly is used 
in different matrices by employing various adsorbents [34, 
36, 38]. In-situ formation of adsorbent has attracted con-
siderable attention in recent years; in which the adsorbent 
is formed from a homogeneous solution. Thus an unlimited 
contact area between the analytes and adsorbent is achieved 
during adsorption step [39]. The method is efficient and 
easy to use. However, the main concern of the usage of an 
adsorbent in the analysis of heavy metals is the presence 
of electrostatic interactions between metal ions and adsor-
bent. Electrostatic interaction occurs between the positively 
charged heavy metals and the negatively charged carbonous 
adsorbents, especially with the presence of functional groups 
[40–43]. Because most carbon surfaces are variably charged, 
prevalence of electrostatic interaction in heavy metal adsorp-
tion is dependent on solution pH [44, 45]. The charged inter-
face between carbons and the solution depends strongly on 
ionization of surface groups. Due to the formation of stable 
complexes between silver and nitrogen-donor ligands such 
as amines [46, 47], octadecylamine (ODA) can act as a suit-
able sorbent in the sensing  Ag+ in the aqueous medium. Also 
ODA is a solid amine which can be used as a sorbent. Also 
it is soluble in acidic solution.

The purpose of this work was analysis of  Ag+ ions in 
aqueous samples by DSPE and FAAS. The adsorbent par-
ticles are formed in-situ and simultaneously extracted the 
analyte. First, octadecylamine is dissolved in a diluted HCl 
solution and then injected into the solution adjusted at an 
alkaline pH. Because of the low solubility of ODA at high 
pHs, ODA is precipitated as fine particles and dispersed 
in the solution. Because of the presence of amino group 
in the ODA structure, it can also form complex with  Ag+ 
ions. Therefore, the extraction step is performed without 
adding further complexing agent. In the following, the par-
ticles are collected, dissolved in a diluted  HNO3 solution, 
and used in the determination step. Therefore the proposed 

procedure needs to no desorption step, which is time-con-
suming and requires sonication or vortexing. Easy opera-
tion, short extraction time, high extraction efficiency, and 
inexpensiveness can be the major advantages of the pro-
posed procedure.

Experimental

Chemicals and solutions

The stock solution of 100 mg  L−1 of  Ag+ ion in deionized 
water was prepared using silver nitrate (≥ 99.0%, Merck, 
Darmstadt, Germany). In each case, the needed solutions 
were prepared by diluting the stock solution till 10 µg  L−1 
with deionized water and was used as working solutions. 
ODA (98%) was purchased from Sigma-Aldrich. Hydrochlo-
ric acid (37%, w/w), nitric acid (37%, w/w), and triethyl-
amine (99%) were bought from Merck.

Real samples

Different water samples consisting of well water (Miandoab, 
Iran), dam water (Alaviyan, Maragheh, Iran), and tap water 
(Tabriz, Iran) were used as samples. Also, rainwater was 
collected during the spring of 2022 from the University of 
Tabriz zone. Tap water was collected from our laboratory. 
Two industrial wastewaters were also collected from Son-
gun copper mine (Varzghan, Iran) and petrochemical unit 
(Tabriz, Iran). Before analysis, the wastewater samples were 
centrifuged at a speed of 7000 rpm for 6 min to remove the 
possible particles.

Instrumentation

The detection of analyte was done with an FAAS 6300 
(Shimadzu, Kyoto, Japan), and to eliminate background 
effects, it was equipped with a deuterium lamp. A combi-
nation of air and acetylene was used for combustion (15 
and 2.3 L  min−1, respectively). The used light source was a 
silver hollow cathode lamp (resonance line, 328.1 nm and 
current, 15 mA). All pH measurements were made using 
a Metrohm pH meter (Herisau, Switzerland) model 654 
equipped with a combined pH electrode.
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Extraction procedure

First, for preparation of ODA solution, 100 mg of ODA 
was added to a mixture of 4 mL concentrated hydrochloric 
acid solution (12 M) and 36 mL deionized water. To dis-
solve ODA, the mixture was stirred at 300 rpm at 80 ºC 
for 40 min. Then for preparation of buffer solution, trieth-
ylamine solution (1.0 M) was mixed with hydrochloric 
acid solution (0.1 M) in the volume ratio of 1:1. In the 
following, 1 mL of this solution was added to 5 mL of 
sample solution or spiked deionized water (10 µg  L−1  Ag+) 
was mixed with 1 mL of the prepared buffer solution in a 
test tube. Then, 1 mL of the prepared ODA solution was 
injected into it. The formed cloudy solution was vortexed 
for 2 min. Then the tube was centrifuged at 7000 rpm for 
7 min. The supernatant was removed and the sedimented 
particles were dissolved in 100 µL of nitric acid solution 
(5%, v/v) and injected into FAAS.

Enrichment factor (EF) and extraction recovery (ER)

The ratio of analyte concentration in the final phase (Cfin) 
to its initial concentration in the sample (C0) is defined 
as EF:

Cfin can be obtained from calibration graph. The per-
centage of total analyte amount (n0) that is extracted into 
the final phase  (nfin) is defined as ER:

where Vfin and V0 are volumes of the final phase and sample 
solution, respectively.

(1)EF = C
fin
∕C

0

(2)

ER =
nf in

n
0

× 100 =
Cf in × Vfinl

C
0
× V

0

× 100 = EF ×
Vcol

V
0

× 100

Results and discussion

Various parameters such as the volume of ODA solution, 
type and amount of desorption solvent, time and speed 
of centrifugation, and vortexing can affect the extraction 
efficiency of the procedure. Therefore, their effect should 
be evaluated and optimized.

Studying the effect of important parameters

Optimizing the volume of ODA solution

In this method, the adsorbent (ODA) is produced in-situ. 
It also acts as a complexing agent. Therefore, the volume 
of ODA solution (ODA amount) can affect the ER of  Ag+ 
ions. To investigate the effect of this parameter, differ-
ent volumes of ODA solution in the range of 0.50–2.00 
mL were injected into the working solutions and extrac-
tion efficiency of the method was evaluated. According 
to Fig. 1, up to 1.00 mL the ER increases and then it 
decreases. More sorbent is formed by increasing the vol-
ume of ODA solution, and therefore, the active sites to 
adsorb the analyte increase, and it leads to high ER. But 
at higher volumes of ODA, the ER gradually decreases. It 
may be due to agglomeration of the formed sorbent parti-
cles. Also by increasing volume of the ODA solution, pH 
of the final solution decreased due to dissolution of ODA 
in HCl solution. Therefore formation of complex between 
 Ag+ and amino group of ODA was disturbed. As a result, 
1.00 mL of the ODA solution was finalized for the further 
experiments.
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Fig. 1  Study of the effect of the volume of ODA solution on ER of 
 Ag+. Extraction conditions: sample, 5 mL standard solution contain-
ing 10 µg  L−1 of  Ag+; pH = 10.4 ± 0.2; centrifugation conditions, 5 
min, and 5000 rpm; and desorption solvent (volume);  HNO3 (300 µL)
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Fig. 2  Study of the effect of vortex time on ER of  Ag+. Extraction 
conditions: volume of ODA solution, 1.00 mL; and the other condi-
tions were the same as those used in Fig. 1
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Optimization of vortexing conditions

To more enhance the contact area between the analyte solu-
tion and the produced sorbent, agitation of the mixture was 
performed by vortexing. Vortex is a widely used method in 
laboratories to mix samples inside tubes with a small vol-
ume and has a rotational movement and an orbital state on 
its axis. Its optimization in term of time can be important. 
Vortexing time has a direct effect on the efficiency of the 
procedure since it changes the numbers of contact between 
the analyte and sorbent. Therefore, the time period from 0 to 
6 min was studied. The results in Fig. 2 showed that vortex 
has less effect. Therefore, it verifies that the main part of the 
analyte adsorption was done during the adsorbent forma-
tion, and vortexing of the solution and the passage of time 
have less effects on the extraction efficiency of the method. 
According to these experiments, vortexing time was adjusted 
at 2 min.

Study of conditions of centrifugation

Centrifugation is an important step for rapid collection of the 
formed ODA particles. Therefore, its optimization in terms 
of time and speed can be important, which were investigated 
in two stages. The results (presented in Electronic Supple-
mentary Material, ESM) proved that this parameter had no 
significant effect on the ER. Therefore the centrifuge was 
performed at 7000 rpm for 5 min.

Recovery of Ag+ in the ODA particles

The collected particles of ODA (containing analyte) must 
be placed in contact with an elution solvent to desorb of 
 Ag+. For this purpose, the efficiency of methanol, acetoni-
trile [48], and nitric acid solution (5%, v/v) was studied. 
Therefore, after collecting the particles of ODA, the aque-
ous solution was removed. Then 0.3 mL of each mentioned 
solvent was mixed with the particles and vortexed for 2 min. 
In the case of nitric acid solution (5%, w/v), the particles 
were dissolved. According to the results in Fig. 3, nitric acid 
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Fig. 3  Study of the type of desorption solvent. Extraction conditions: 
vortexing time, 2 min; centrifuge rate, 7000 rpm; and the other condi-
tions were the same as those used in Fig. 2
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Fig. 4  Studying the volume of  HNO3 solution (5%, w/v). Extraction 
conditions were the same as those used in Fig. 3

Table 1  Tolerance limits of interferent/analyte ratios of coexisting 
ions in determination of  Ag+ ions using the proposed method. Con-
centration of  Ag+ was selected 10 µg  L−1

Species Tolerance limit of interferent/
Ag+ ratio

ER ± SD (n = 3)

Co2+ 800 95.1 ± 3.0
Cu2+ 600 95.6 ± 3.0
Cd2+ 250 95.7 ± 3.2
Ni2+ 600 95.2 ± 2.8
Zn2+ 450 95.1 ± 2.9
Pb2+ 350 95.3 ± 3.0
Mg2+ 1300 95.8 ± 2.8
K+ 1750 95.0 ± 2.8
Ca2+ 2500 95.9 ± 2.8
Na+ 2250 95.8 ± 3.0
NO3

− 3000 96.1 ± 2.8
Cl− 300 95.5 ± 2.8
SO4

2− 600 95.9 ± 2.8
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solution (5%, w/v) was selected as the best solvent to release 
the analyte into the solution. According to these results, it 
can be concluded that the most of the analyte was simulta-
neously extracted with re-formation of the solid particles 
of ODA (most of the extracted analyte was in the inside 
of the particles of ODA, not on their surface). All analyte 
was transferred into the nitric acid solution by dissolving 
ODA particles. Whereas only the analytes adsorbed onto the 
adsorbent surface were desorbed by methanol and acetoni-
trile. This is the reason for obtaining low analytical signals 
in the cases of methanol and acetonitrile compared to nitric 
acid solution. Therefore nitric acid solution (5%, w/v) was 
selected for the rest of the experiments.

Studying the volume of nitric acid solution (5%, w/v)

For FAAS determinations, a volume of 1–2 mL of solution 
is usually needed. To analyze the samples with low vol-
umes dilution is needed. However, by dilution of the sample, 
concentration of analyte may reach less than the detection 
limit of the apparatus. To solve this problem, a home-made 
micro-sample introduction system was constructed [49] to 
determine the analytes by FAAS in a microliter level without 
dilution. In this study, to investigate the effect of the volume 
of nitric acid solution on the ER of the analyte, dissolving of 
the collected particles of ODA was performed in the pres-
ence of low volumes of the nitric acid solution to access 
high EFs. For this purpose, 80, 100, 120, 160, 210, 260, 300, 
360, and 410 µL of the nitric acid solution was investigated, 
According to the results in Fig. 4, 100 µL of nitric acid was 
selected as the suitable volume to dissolve the adsorbent 
with high analytical signals and low detection limit.

Ionic strength effect

According to the results in Fig. S3 (in ESM) the extraction 
efficiency of the procedure in the presence of salt decreased, 
and therefore, the next experiments were performed without 
adding salt.

Study of interferences

To evaluate the potential interference of different ions in the 
analysis of  Ag+, different concentrations of various anions 
and cations were added to working solution. When the added 
ion caused ± 5% change in the ER of  Ag+, it was considered 
as an interfering ion. For this purpose, different tests were 
designed and the results are collected in Table 1. Accord-
ing to these results, the desired cations and anions do not 
have significant effect on analysis of  Ag+ by the developed 
method.

Analytical data

The analytical characteristics of the optimized method, such 
as repeatability, linear range (LR), limit of quantification 
(LOQ), limit of detection (LOD), ER, and enrichment factor 
(EF) were evaluated. The LR of the calibration curve was 
0.50–200 μg  L−1. The LOD (3  Sb/m, where m is slope of the 
calibration curve and  Sb is standard deviation of blank meas-
urements, n = 7) was 0.18 μg  L−1. The LOQ (10  Sb/m) was 
obtained 0.50 μg  L−1. The precision of the proposed method 
was evaluated in the solutions containing 10 μg  L−1 of  Ag+ 
(intra-day, n = 6) and in 4 consecutive days (inter-day). The 
results of the relative standard deviations (RSDs) were in the 
range of 2.7–3.9%,. The ER and EF were 93.6% and 46.8, 
respectively. The results are summarized in Table 2.

Table 2  Quantitative characteristics of the developed method for Ag(I)

a Limit of detection
b Limit of quantification
c Linear range
d Coefficient of determination
e Relative standard deviation (C = 10 µg  L–1)
f Extraction recovery ± standard deviation
g Enrichment factor ± standard deviation

Analyte LODa (µg  L–1) LOQb (µg  L–1) LRc (µg  L–1) r2d RSD%e ER ±  SDf EF ±  SDg

Intra-day (n = 6) Inter-day (n = 4)

Ag(I) 0.18 0.50 0.50–200 0.993 2.7 3.9 93.6 ± 2.6 46.8 ± 1.3
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Real samples analysis and method validation

Using the proposed method, concentration of  Ag+ was deter-
mined in real samples such as well water, Songun copper 
mine (Varzaqan county, East Azarbaijan, Iran) wastewater, 
tap water, petrochemical unit (Tabriz, Iran) wastewater, 
dam water, and rain water. To study the matrix effect of, the 
real samples were spiked at the concentrations of 20 and 
50 μg  L−1 of  Ag+. The found concentrations along with the 
calculated recoveries are collected in Table 3. As shown, 
the recoveries of the analyte are good and the values are 
in the range of 82.5–94.8%, which confirm the accuracy of 
the developed method. Furthermore, the accuracy was also 
verified by determining concentration of  Ag+ in a certified 
reference material (CRM), CWW-TM-D waste-water, with 
certified value of 0.25 ± 0.01 mg  L−1. Because of high con-
centration of  Ag+ in the CRM, it was diluted 10 times before 
analysis. The concentration of  Ag+ obtained by the proposed 
method (0.238 ± 0.011 mg  L−1) was compared with the certi-
fied value (0.250 ± 0.012 mg  L−1) by t-test. It was confirmed 
that there was a good agreement (tobtained = 1.73˂tcritical = 4.3) 
between the obtained concentration and the approved value. 
Therefore, the proposed method is reliable for analysis of 
 Ag+ concentration in various wastewater and water samples.

Comparison of the proposed extraction procedure 
with other approaches

The figures of merit of the developed procedure were com-
pared with other published extraction methods in the deter-
mination of  Ag+ in various types of real samples. Examin-
ing the results of the comparison (Table 4) shows that the 
proposed procedure is comparable with and even better than 
the previously published procedure in most parameters The 
prominent advantages of the developed method are wider 
LR, low LOD (except Ref. [30]), acceptable RSD, simplic-
ity, and using no organic solvent.

Conclusions

In this study, ODA was used as adsorbent and complex-
ing agent to extract  Ag+ ions from aqueous solutions. This 
extraction method was suggested for the first time based 
on the dependence of ODA solubility on pH. The results 
showed that the most amounts of  Ag+ ions were extracted 
in the stage of formation of ODA. Therefore, it can be con-
cluded that the most of extracted analyte were in the inside of 
the particles of ODA, not on the surface of sorbent. Because 
of this, the diluted solution of nitric acid, which is able to 
dissolve the particles, had better results than methanol and 
acetonitrile, because in the case of the mentioned solvents, Ta
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only the desorption of the extracted analytes from the sur-
face of the sorbent was occurred. The use of nitric acid 
solution led to the easy coupling the method with FAAS. 
Verification of the method in the determination amount of 
 Ag+ ions was done by analyzing a CRM and several water 
and wastewater samples. The approach provided satisfac-
tory results including broad LR of the calibration curve, low 
LOD and LOQ, and high ER.
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