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Highlights: 

Gallic acid method is most rapid and safe for synthesis of most stable AgNPs 

Functional groups of gallic acid showed excellent selectivity and sensitivity for Al3+ 

Gallic acid-AgNPs Gallic acid-AgNPs + Al3+
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High binding affinity of Al3+-phenol complex allows rapid detection and removal of 

Al3+ 

AgNPs probe is applicable for monitoring Al3+ present in the real water samples 

 

Abstract 

Metal chelation-enhanced changes in surface plasmon resonance (SPR) band 

of gallic acid-functionalized AgNP solution to monitor aluminum ions (Al3+) is 

reported herein. In aqueous solution, Al3+ selectively induced a strong absorbance 

with large shifts up to ∼125 nm from the SPR band with color changing from orange 

to red. This study illustrates that hydroxyl groups of phenol affect the response of a 

probe that tunes the absorbance maxima to a longer wavelength at 525 nm. Moreover, 

the rapid formation of a AgNP-Al3+ coordination complex was demonstrated by real-

time monitoring, adsorptive removal, and energy dispersive spectroscopy mapping.  

 

Keywords: Gallic acid, Hydroxyl groups, Colloidal solution, Coordination complex, 

Adsorptive removal  
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1. Introduction 

Increased aluminum salt usage in numerous industrial activities has resulted 

in the discharge of free aluminum (Al3+) into wastewater [1, 2]. The release of Al3+ 

from cooking utensils that depends on salts and acids such as citric, oxalic, and acetic 

acids and presence of complexing ligands such as hydroxyl and carboxyl groups [3, 

4] is an important issue. In daily life, exposure to traces of Al3+ is common owing to 

the ubiquitous presence of aluminum kitchen wares; meanwhile, acidification in the 

environment increases the spread of free Al3+ cations and can lead to its 

accumulation in plants and humans [5, 6]. Al3+ is a well-known neurotoxin, and even 

low levels of it can cause behavioral and neuroanatomical changes associated with 

Parkinson’s and/or Alzheimer’s disease [7, 8]. The World Health Organization 
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(WHO) has fixed the permissible limit for Al3+ level in drinking water to 

approximately 200 mg L-1 (7.41 μM) [9, 10].  

Three main detection methods, namely inductively coupled plasma-mass 

spectrometry [11], atomic absorption spectrometry [12], and inductively coupled 

plasma-atomic emission spectrometry, are typically used to detect Al3+. However, 

sophisticated instruments and methods are complex to operate, expensive, and non-

mobile for on-site monitoring of metal ions [13, 14]. Compared with transition 

metals, the monitoring of Al3+ is challenging owing to poor coordination and lack of 

spectrophotometric characteristics [15]. To the best of our knowledge [16],  most 

reported sensors for Al3+ exhibit limitations such as tedious synthetic procedures, 

low sensitivity, and/or lack of applicability in aqueous solutions [17]. Therefore, 

colorimetric methods based on gold [18] and silver nanoparticles (NPs) are emerging 

rapidly to detect metal ions in the aqueous phase, which are visible by naked eyes 

and suitable for the facile operation and on-site monitoring [19, 20]. In particular, 

AgNPs are more cost-effective than gold NPs, offering excellent SPR properties, 

strong and well-defined spectral shifts and ratiometric arrays, and ease of color 

visualization.  

Green tea is rich in polyphenols and phenolic acids including catechin, tannic 

acid, and gallic acid [21], of which most are well known for their potential metal 
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chelating activity and preferential binding to hard metals such as Al3+ [22]. 

Furthermore, gallic acid has been reported as a potential reducing and stabilizing 

agent in the greener synthesis of gold and silver NPs [23, 24]. The gallic acid 

reduction method has been shown to be rapid and appropriate for the high 

concentration synthesis of AgNPs, consuming low reaction volume, and lower 

concentrations of gallic acid [25]. Herein, we report gallic acid-functionalized 

AgNPs, their comprehensive characterizations, and their use as a colorimetric 

sensing probe for detecting Al3+ with good selectivity and sensitivity.  

By UV-vis spectroscopy and X-ray photoelectron spectroscopy (XPS), we 

discovered that gallic acid could cap the AgNPs that subsequently stabilize by the 

functional group during the NP growth. This account successfully applied gallic 

acid-functionalized AgNPs in colorimetric visualization and spectrophotometric 

monitoring of Al3+ in aqueous media. Interaction of Al3+ ions with AgNPs exhibited 

a significant red-shift at absorption λmax of ∼525 nm, and energy-dispersive X-ray 

(EDS) mapping was used to confirm the formation of a coordination complex. 

Moreover, we investigated the most favorable conditions, pH, and possibilities in 

monitoring Al3+ levels in real-water samples.  

 

2. Materials and Methods 

Jo
ur

na
l P

re
-p

ro
of



2.1. Chemicals 

Silver nitrate (AgNO3) and gallic acid were purchased from Sigma–Aldrich, 

South Korea. Standard solutions (1,000 ppm) of metal ions were purchased from 

Kanto Chemicals, Japan and Nacalai Tesque, Japan. Al3+ stock solutions (37 µM and 

18.5 µM) were freshly prepared by diluting the standard solution. All reagents and 

chemicals used in these experiments were of analytical grade and used without 

further purification. Deionized water (DI) was used in the synthesis procedure of the 

AgNO3 precursors that was performed with fine control of temperature and pH 

conditions. Furthermore, DI water was used for redispersion after ultracentrifugation 

was applied to the freshly prepared AgNPs.  

2.1.2. Green synthesis of AgNPs 

The greener synthesis of AgNPs stabilized by gallic acid was performed 

according to the procedure by Kim et al. [25]. For synthesis, we used a 20-mM stock 

solution of AgNO3 and a 12.5-mM solution of gallic acid dissolved in DI water. The 

alkaline pH condition of the solution was adjusted using 0.1 mL of 1-M NaOH 

solution. A diluted solution of gallic acid (2.5 mM) was first prepared; subsequently, 

1.0 mL of AgNO3 stock solution was quickly injected with vigorous stirring under 

ambient temperature (22 °C). A rapid formation of AgNPs occurred, as evidenced 

by a color change in the solution from colorless to yellow and finally, dark brown. 
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Static temporal evolution of UV-vis spectra of the AgNP solution was monitored at 

different time intervals (up to 80 min) to confirm the exhaustion of the AgNO3 

precursor and quality of the final nanoproduct. After the reduction reaction of the 

AgNO3 precursor was completed, the solution was stored at room temperature, and 

the NP solution was processed by ultracentrifugation at 12,000 rpm for 15 min. This 

allows uncapped gallic acid and added alkaline additives to eliminate, and improves 

the size distribution of the NPs through a size-selective ultracentrifugal force. Finally, 

the gallic-acid-functionalized AgNPs were dispersed in DI water and used as a 

sensitive colorimetric probe for the detection of Al3+.    

2.1.3. Characterization of AgNPs  

Optical, colloidal, and dilution properties of the gallic acid-functionalized 

AgNPs were characterized using an Optizen-2120 UV-vis spectrophotometer, from 

300 and 700 nm at ambient temperature. XPS measurement was performed on a 

ULVAC-PHI (Japan/USA) instrument using a monochromatic Al–Kα radiation. The 

XPS spectra were calibrated against 284.6 eV observed for C1s. The X-ray 

diffraction (XRD) pattern of a thin film made with AgNPs was obtained using an X-

ray diffractometer (Malvern Panalytical Ltd, Malvern, UK) operated at 30 kV and 

100 mA. Cu–Kα radiation was used to record the XRD spectrum with a wavelength 

of 1.5406 Å in the 2θ range of 30–80°. Transmission electron microscopy (TEM) 
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images were obtained using (FEI Tecnai G2); samples for TEM imaging were 

prepared at room temperature by depositing a drop of AgNP solution on a carbon-

coated copper grid. Zeta (ζ) potential measurements of the ultracentrifuged AgNP 

samples were performed in DI water using (Otsuka Electronics, ELS 8000).  

2.2. Sensing of Al3+ 

2.2.1 Selectivity  

Absorption spectra of the AgNPs in the presence of individual metal ions (Al3+, 

Mg2+, Co2+, Cr3+, Hg2+, Pb2+, Ge2+, As+, Bi3+, Mn2+, K+, Ca2+, Na+, Zn2+, Ba2+, Cd2+, 

Mo2+, Ni2+, Pt2+, Y+, Se2+, Pd2+, and Cs+, 200 ppb) and PO3-, NH4, and NO3- were 

tested at ambient temperature. To investigate the selectivity, the gallic acid AgNPs 

were mixed separately with different metal ions and equilibrated for 5 min before 

color and spectral measurements. 

2.2.2 Determination of standard solution of Al3+ 

A quantitative determination of Al3+ was performed in aqueous solution for 

both narrow and broad concentration ranges. Various concentrations of Al3+ for the 

narrow range were prepared using 0.1 mL of the stock AgNPs: 0.37, 0.55, 0.74, 0.92, 

1.11, 1.29, 1.48, 1.66, 1.85, 2.03, and 2.22 µM Al3+. Meanwhile, various 

concentration of Al3+ for the broad range were prepared using 0.4 mL of the stock 
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AgNPs: 0.37, 0.74, 1.18, 2.22, 2.96, 3.70, 4.44, 5.18, 5.93, 6.67, 7.41, 8.15, and 8.89 

µM Al3+. The final volume of the probe solutions (1 mL) was adjusted by adding the 

appropriate amount of DI water. The sensor solutions were equilibrated for 5 min 

before spectral measurements in the range of 300 to 700 nm.  

2.2.3. Effect of pH 

The effect of pH was studied as follows: 0.2 mL of the AgNP stock solution 

was suspended in DI water at either pH 5, 6, 7, 8, or 9. Subsequently, the suspension 

was left for 5 min, and the absorbance of the suspensions was measured at 400 and 

525 nm. Al3+ (4.44 µM) was subsequently added. The suspension was left for 

another 5 min, and the absorbance was measured again at 400 and 525 nm. 

2.2.4. Real-time response of AgNPs to Al3+ 

The real-time spectral response of the AgNPs was performed at 4.44 µM Al3+ 

as follows: 0.2 mL of AgNP stock solution was suspended in DI water. The 

absorbance at 400 and 525 nm was subsequently recorded at various times (from 1 

to 10 min). A long-term absorbance response (30 min to 720 min) of the AgNP 

solution was observed for Al3+ at increasing concentrations from 0.37 to 8.89 µM. 

The absorbance changes and real-time decay profiles of the AgNP solutions were 

recorded at both 400 and 525 nm.   
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2.2.5. Interference and sedimentation 

Al3+ aqueous solutions and other metal ion solutions were freshly prepared 

and used for interference study. The interference to gallic-acid AgNP probe while 

detecting Al3+, with the competing metal ions (Mg2+, Co2+, Cr3+, Hg2+, Pb2+, Ge2+, 

As+, Bi3+, Mn2+, K+, Ca2+, Na+, Zn2+, Ba2+, Cd2+, Mo2+, Ni2+, Pt2+, Y+, Se2+, Pd2+, and 

Cs+), was investigated with 1.0 equivalent of Al3+ in the presence of other ions (4.0 

equivalent). The AgNP Al3+ coordination complexes formed with the other metal 

ions were maintained at ambient temperature for 12 h, and their UV-vis absorbance 

spectra were recorded using a spectrophotometer.  

2.2.6. Removal of Al3+ from aqueous solutions 

The ability of AgNPs in removing Al3+ from the aqueous solutions were 

investigated as follows: 0.4 mL of AgNPs stock solution was added to water. 

Subsequently, 4.44, 5.18, 5.93, 6.67, 7.41, 8.15, and 8.89 µM Al3+ was added to the 

abovementioned solution and remained static. The fate of the Al3+-bound AgNP 

aggregates was monitored by UV-vis spectroscopy for 12 h and subsequently 

observed for color and sedimentation.  

2.2.7. Application of AgNPs in real-water samples 
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Real-water samples were collected from the tap of the laboratory, lake, river, 

and wastewater treatment plant and tested to verify the possibility of Al3+ on-site 

monitoring and identify any interferences from unknown pollutants. These water 

samples were first filtered using Whatman paper and subsequently spiked with the 

appropriate amount of Al3+ from the stock solution. The concentrations of Al3+ in 

these samples were subsequently determined using inductively coupled plasma mass 

spectroscopy (ICP-MS) and standard graph prepared for Al3+ using the gallic acid-

functionalized AgNPs.  

 

3. Results and Discussion 

3.1. Synthesis of gallic-acid-stabilized AgNPs  

To observe the NP growth process, small amounts of solutions from the 

reaction were analyzed directly by UV-vis absorption spectroscopy at various 

reaction times (Fig. 1a). The intensity of the SPR band improved significantly within 

5 to 10 min of incubation and subsequently reached a maximum in a total reaction 

time of approximately 80 min, without any signs of red-shift (Fig. 1a). The SPR 

bandwidths of the AgNP solution indicated a narrow size distribution of AgNPs in 

solution, as shown in (Fig. 1a). Ag+ was reduced in the aqueous medium and enabled 

a characteristic SPR peak between 390–420 nm to developed, thus revealing the 
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fabrication of the AgNPs. Additionally, we observed no decrease in both the SPR 

intensity and aggregation of the freshly formed AgNPs. According to Figs. 1a,b, the 

NP shape remains spherical until the end of the reaction times; meanwhile, changes 

in the size with increasing reaction time should induce a red-shift in the SPR band. 

The absorbance intensity of the AgNPs was monitored at 420 nm and plotted as a 

function of time; the corresponding photographs of the AgNP solutions are presented 

in the inset of Fig. 1b. The UV-vis spectra evolution of the AgNPs continued for a 

short time ( ~20 min) as both the AgNO3 precursor depleted rapidly and the newly 

formed AgNPs matured completely. The reduction of AgNO3 and growth of AgNPs 

that occurred at the alkaline pH condition were consistent with the well-known 

growth theory, i.e., classical nucleation and nanoparticle growth [26].   

The stability of the AgNPs in DI was further evaluated by ζ potential 

measurement. The ζ potential value of the AgNPs was approximately -48.8 in DI 

water (data not shown); this demonstrates the high stability level of colloidal systems 

produced using gallic acid. Gallic acid, therefore, plays a passivation role during the 

nucleation of Ag atoms and AgNP growth. This type of surface passivation may 

allow the use of metal, oxides, and semiconductor NPs in a variety of different 

applications while maintaining the inherent properties of the core particles [27]. It 

appears that gallic acid, with its high complexation capacity toward Ag+, can result 
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in the rapid nucleation and growth of Ag nuclei, thus forming mature AgNPs with a 

narrow size distribution [28]. Metal NPs that readily oxidize or aggregate in solution 

owing to physical and surface chemistry render them unsuitable for practical 

applications [29].  

The gallic acid-functionalized AgNPs enable the stability of the SPR band and 

the optical properties of the NPs to be sustained over a long period when the samples 

were stored at room temperature (Fig. 1c). In our case, gallic acid not only allowed 

a rapid synthesis but also caused a stable dark yellow-colored colloidal dispersion 

of AgNPs to form; furthermore, it did not affect both the color and SPR band for 8 

to 12 months (Fig. 1c). It is well known that the aggregation-prone nature of NPs 

could cause slow or rapid degradation of the SPR band. Thus, the colloidal stability 

of metal NPs is an important factor in application development [30]. 

The aqueous phase of the AgNPs was used to demonstrate the facile 

separation of unreacted AgNO3 and gallic acid in the synthesis by ultra-

centrifugation. We observed that the optical and structural properties of AgNPs were 

not affected by ultracentrifugation; thus, gallic acid resulted in a high degree of 

stability, allowing pellet dispersion and sample storage for a longer period at room 

temperature (Fig. 1d). As the production of dispersed NPs is vital to ensure the 

reliability of NPs in biological and analytical applications [31], we investigated the 
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effect of ultracentrifugation techniques on the purification and dispersal of gallic 

acid-functionalized AgNPs. 

3.1.1 Characterization of AgNPs 

We used XRD and XPS to reveal the chemical composition and crystalline 

nature of the AgNPs, as shown in Fig. 2. The XPS spectra indicate the presence of 

silver, carbon, oxygen, and nitrogen, thus suggesting the successful synthesis and 

capping of gallic acid onto the AgNPs (Fig. 2a). XPS analysis provided essential 

information regarding the oxidation states of elements and surface bonding on the 

AgNP surfaces. The AgNPs were further described by a high-resolution XPS, and 

the Ag3d core levels of the AgNP thin films are shown in Fig. 2b. The Ag3d XPS 

spectra of the AgNPs indicate the presence of two spin-orbit pair components. The 

main Ag3d5/2 signal component was centered at 367.8 eV binding energy, thus 

clearly suggesting the firm structure of silver atoms in the AgNPs. The second spin-

orbit pair component of the AgNPs was established with a lower intensity and 

observed at larger BE values (Ag3d3/2 at 373.8 eV); thus, the NPs were predictable 

owing to more surface Ag atoms binding to the gallic acid molecules through OH– 

(AgNP–OH–) [32].  

The representative XRD spectra of the AgNP thin film, as shown in Fig. 2c, 

illustrate the cubic structures of silver, with distinct peaks at 37.9°, 44.2°, 64.3°, and 
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77.2° corresponding to (111), (200), (220), and (311) lattice planes, respectively. 

The classical Scherrer equation suggests an average crystallite diameter of AgNPs 

of ~21 nm that is larger than the average size (14 nm) obtained by TEM image 

analysis (Fig. 2d). The TEM images of the AgNPs revealed a spherical morphology 

without any signs of aggregation and their size varying from 5 to 20 nm. The 

hydrodynamic diameter of the AgNPs was determined by dynamic light scattering 

measurements (data not shown), and the results revealed an average diameter of 18 

nm with a relatively narrow size distribution that agrees with both the TEM and 

XRD results.  

3.2. Sensing results  

3.2.1. Selectivity  

It has been suggested that oxygen-containing functional groups on NPs 

exhibit a high affinity for metal ions, particularly electropositive ones [33]. Hence, 

we synthesized AgNPs using gallic acid, which contains abundant hydroxyl groups, 

to demonstrate high selectivity toward Al3+. The selectivity of the AgNPs was tested 

under identical pH and temperature conditions (22 °C) and revealed that this probe 

exhibits a characteristic spectral response for Al3+ as compared with other ions 

including Mg2+, Co2+, Cr3+, Hg2+, Pb2+, Ge2+, As+, Bi3+, Mn2+, K+, Ca2+, Na+, Zn2+, 

Ba2+, Cd2+, Mo2+, Ni2+, Pt2+, Y+, Se2+, Pd2+, and Cs+, 200 ppb) (Figs. 3a, b). The 
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spectral response of the AgNPs to Mg2+ Pt2+ and Cr3+ was unique with a minor blue-

shift of the SPR band and significant enhancement of the SPR band intensity (Figs. 

3a, b).  

Figure 3c, d shows the differences in absorbance at 525 nm for AgNP-based 

detection systems that are incubated under identical conditions with various metal 

ions. The inset of Fig. 3c shows a digital photograph of the AgNPs incubated with 

various metal ions under identical conditions; it suggests the development of a dark 

red color only for the Al3+ ions. As shown in the inset of Fig. 3c, the AgNPs were 

orange and green for Mg2+ and Pt2+, respectively, without any characteristic red-shift 

toward larger wavelengths. As shown in (Figs. 3a, b), possibilities in the detection 

of Cr3+, Mg2+, and Pt2+ warrants further investigation. This study is focused 

exclusively on the development of an effective and practical sensing probe for Al3+ 

at ambient temperature. The AgNPs exhibited good selectivity and high sensitivity 

to Al3+, with a color change from dark yellow to red, as shown in the inset of Fig. 

3c. This is supported by the characteristic red-shift at 525 nm (Fig. 3a) as well. A 

sensitive and selective colorimetric sensing method based on glutathione-modified 

silver AgNPs was recently reported for the analysis of Co2+ ions [34].  

3.2.2. Sensitivity of gallic-acid AgNPs to Al3+  
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Both narrow and broad concentration ranges were used to validate the 

practical quantification of Al3+ using a gallic acid-functionalized AgNP solution. 

Changes in the SPR band intensity and position of the red-shifted peak of the AgNPs 

were examined using UV-vis spectroscopy after 5 min of incubation with increasing 

concentrations of Al3+ (Fig. 4). The SPR intensity of the AgNPs in the presence of 

Al3+ ions was lower than that in the absence of Al3+. The intensity of the SPR peak 

at 400 nm decreased linearly with increasing Al3+ concentration, with the formation 

of a new peak at 525 nm (Fig. 4a). Thus, changes in the absorbance intensities at 

these two wavelengths were chosen to quantify Al3+. Measurements of Al3+ over a 

narrow concentration range were performed by adding increasing concentrations of 

Al3+ (from 0.37 to 2.22 µM) to solutions of AgNPs (Figs. 4b,c). The plot of Al3+ at 

concentrations ranging from 0.37 to 2.22 µM revealed a linear correlation; the value 

of the linear regression coefficients (R2) were 0.94 and 0.98 for the absorbance at 

400 and 525 nm, respectively (Figs. 4b,c). A color change in the AgNPs from dark 

yellow to reddish-brown was observed for both the narrow and broad concentration 

ranges of Al3+, as shown in the inset of Figs. 4 a,d. Compared with previously 

reported methods (Table 1), this method can provide a rapid analysis of trace 

amounts of Al3+ with excellent sensitivity and selectivity at ambient temperature and 

neutral pH conditions. The limit of detections (LODs) of the newly established 

method was calculated to be 0.92 µM visually and 0.55 µM using UV-vis 
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spectroscopy. Meanwhile, other methods yielded lower values, e.g., those based on 

the fluorescent properties of benzothiazole (2.2 µM  μM) [35], chemosensor (3.3 µM) 

[36], and colorimetric sensor based on polyacrylate (2.0 µM) [37]. Therefore, the 

visually determined LOD was found to be adequate to establish a sensitive, selective, 

and practical probe for the quantitative detection of Al3+ at micromolar levels in the 

aqueous phase. 

The potential to measure a broad concentration range of Al3+ (0.37 to 8.89 µM) 

is presented in Fig. 4d. A linear response is shown in the absorbance intensity of the 

characteristic peaks at 400 nm and 525 nm of the AgNPs from Al3+ concentrations 

of 0.74 and a higher concentration of Al3+ (Figs. 4e, f). The values of the absorbance 

intensities observed at 400 nm and 525 nm are plotted for Al3+ concentrations 

ranging from 0.37 to 8.89 µM, and these values exhibited a linear response as a 

function of Al3+ concentration (Figs. 4e, f). A highly sensitive and selective 

colorimetric probe for Al3+ species exhibited ratiometric responses in an aqueous 

medium by the formation of the aggregated form of AgNPs. Our results further 

confirm the impressive LOD determined in the broad concentration range: ~3.7 µM 

visually and the spectral LOD of Al3+ of ~1.48 µM. The LOD values obtained are 

considerably lower than the upper limit of 7.41 µM proposed by the WHO for Al3+ 

in drinking water [10]. A similar linear trend for the detection of Al3+ using tannic-
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acid-capped gold NPs and a benzothiazole-based fluorescent probe [35, 38] has been 

reported. In recent years, the quantitative detection of Al3+ with a linear correlation 

from 0.5 to 10 ppm using indole-2-carboxylic acid-stabilized AgNPs [39] has been 

reported. 

3.2.3. Effect of pH  

The colorimetric and spectral changes occur owing to metal-ligand 

interactions through the coordination chemistry of hydroxyl functional groups on the 

surface of the AgNPs with Al3+. Therefore, we measured the absorbance intensity of 

the AgNPs between pH 5 to 8 in the presence and absence of Al3+ (Fig. 5a). At low 

pH values, the color change from yellow to red was not observed owing to the 

protonation of the functional groups; however, neutral and high pH values readily 

supported the formation of AgNPs aggregates. Similarly, a slight decrease in 

absorbance intensity at 525 nm under basic conditions (pH > 9) was shown owing 

to increased deprotonating, which partly impaired the complexation of Al3+ with the 

hydroxyl groups. These results suggest that the maximal complexation of the AgNPs 

and Al3+ occurs around neutral pH (Fig. 5a). Hydroxyl groups assist with the 

formation of pH-dependent insoluble polyphenol-Al3+ complexes; furthermore, it 

has been suggested that complexes are predominant at pH 7 [40], which is consistent 

with our observations. A naphthalene-derivate-based fluorescent probe 
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demonstrated high selectivity at pH 7 while detecting Al3+ in water [41]. It is well 

known that probes based on electron donor/acceptor interactions typically result in 

the poor sensitivity and recognition of target metal ions by the interference of protons 

in the sensing medium [42].  

3.2.4. Real-time response of AgNPs to Al3+  

The time course of the decrease in intensity of the absorbance at 400 nm and 

the increase in the intensity of absorbance at 525 nm were monitored in the presence 

of 4.44-µM Al3+ (Fig. 5b). The change in the absorbance pattern indicated the rapid 

binding of Al3+ to the AgNPs; thus, the signal can be achieved immediately after the 

exposure of Al3+. After adding the aqueous solution of Al3+ to the AgNP solution, 

the absorbance intensity at 400 nm reached a minimum value within 120 s (Fig. 5b). 

It subsequently remained nearly stable for up to 10 min, indicating that a 5-min 

incubation is optimal for monitoring Al3+-induced aggregations of the AgNPs. 

Generally, most chemosensors developed hitherto require long response times (see 

Table 1 and [43]. However, in our study, we discovered the rapid binding of Al3+ to 

AgNPs. The gallic acid moieties coated on the AgNPs were most reactive toward 

Al3+; this can be attributed to the higher rate of the coordination chemistry that 

enables the rapid detection of Al3+, as reported previously [44]. Repeated 

experiments revealed that the developed probe is novel in terms of rapid response, 
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thus signifying a potential ‘‘zero-wait’’ method for detecting Al3+, as suggested in a 

recent report [37].   

Additionally, real-time spectral measurements were performed within 30 to 

1440 min at four different Al3+ concentrations (0.74, 2.96, 3.70, and 4.44 µM). The 

absorbance intensity of the red-shifted band increased gradually as the reaction time 

progressed with Al3+ (0.74 µM), indicating the possible formation of unstable AgNP 

aggregates (Fig. S1a). The fractal growth of the AgNP aggregates was reflected as a 

gradual increase in absorbance at 525 nm after a reaction with Al3+ (2.96 and 3.70 

µM) (Fig. S1b). The red-shifted band appeared within 180 min owing to the size 

increase of the AgNP aggregates with Al3+ (2.96 and 3.70 µM) (Fig. S1c). The 

decline in absorbance at higher Al3+ (4.44 µM) began much later at ~360 min, thus 

indicating that the timing of the probe was acceptable for practical applications (Fig. 

S1d). The aggregative behavior of the gallic-acid-functionalized AgNPs was 

progressive in the coordination reaction.  

Further experiments were performed to explore the decay profiles of the 

absorbance intensity as a function of time (min) over a broad concentration range of 

Al3+ (0.37 to 8.89 µM). The absorbance signal was found to be linearly proportional 

across the broad Al3+ concentration range within 10 to 30 min of coordination 

reaction. However, the decay pattern of the observed absorbance remained 
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dependent on the Al3+ concentration, as detected in real-time absorbance 

measurements (Fig. 6). The observed absorbance intensity at 400 nm shows that the 

absorbance initially decreased rapidly and subsequently underwent a more gradual 

further decrease as a function of time (Fig. 6a). The AgNP-Al3+ complex that was 

formed with 3.70-µM Al3+ increased the absorbance intensity at 525 nm up to 180 

min and subsequently entered a stationary phase up to 480 min. A linear increase in 

absorbance intensity at 525 nm was observed within 180 min for the reaction of 4.44-

µM Al3+ followed by a declining phase without the sign of a stationary phase (Fig. 

6b). The sedimentation of AgNP aggregates caused the rapid decay of the 

absorbance intensity, as evidenced in suspensions from 5.18 to 8.89 µM Al3+; this is 

because bulk AgNPs tend to settle owing to gravity.  

3.2.5. Analysis of real-water samples 

Al3+-chelating effects of hydroxyl groups  [40] and their importance in Al3+ 

detoxification and plant growth [45] have been reported. High levels of Al3+ in the 

brain have been reported to cause dementia, and a range of neurological disorders  

[46]. Thus, it would be highly desirable to test the applicability of the newly designed 

sensing platform to detect Al3+ in real-water samples from the tap, lake, river, and 

wastewater sites that contain various metal ions and unknown contaminants. In a 

practical assay, we collected samples of tap water from the laboratory, local lake, 
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river, and wastewater and filtered them through Whatman paper to remove any 

suspended particles. The Al3+ content of the spiked water samples was subsequently 

measured using a calibration curve; the results are presented in Table 2, along with 

the results from ICP-MS measurements. Except for the wastewater sample, the 

results obtained (Table 2) reflect the added amount of Al3+, thereby validating the 

feasibility of the developed method for practical applications. Thus, this colorimetric 

method, which can be perceived by the naked eye, is an appropriate method for the 

real-time detection of target Al3+ ions owing to its simple operation and on-site 

convenience.  

3.2.6. Interference study  

Low interference is vital for the validation of an excellent sensor [47]. 

Therefore, interference in the detection of Al3+ was investigated by testing its 

response to 1.0 equivalent of Al3+ in the presence of other ions (4.0 equivalent) under 

identical conditions. In this case, we used a wide range of metal ions: Mg2+, Co2+, 

Cr3+, Hg2+, Pb2+, Ge2+, As+, Bi3+, Mn2+, K+, Ca2+, Na+, Zn2+, Ba2+, Cd2+, Mo2+, Ni2+, 

Pt2+, Y+, Se2+, Pd2+, and Cs+ as interfering ions. The experimental results, shown in 

Figs. S2a, b, indicate that the absorbance intensities of the AgNPs were slightly 

affected at 400 nm; however, spectral shifts were not observed despite the presence 

of a wide range of other metal ions, as shown in Figs. S2a, b. As the presence of Pt2+ 
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and Mg2+ prevented the formation of red-shift that typically occurs in the presence 

of Al3+, we did not expect interference to occur (Figs. S2b, c). Meanwhile, the results 

indicate that the other metal ions did not interfere with the formation of spectral 

shifts toward larger wavelengths, although the intensity at 525 nm varied slightly 

(Figs. S2b, c). This result suggests the use of hydroxyl groups to form coordination 

complexes with Mg2+ without any interference from other cations such as Ca2+ and 

K+, which agrees with that of a previous study [48]. Additionally, the removal of 

heavy metal ions from aqueous media has been reported to reveal the possible 

adsorption mechanism of 8-hydroxyquinoline-functionalized multiwalled carbon 

nanotubes [49]. 

3.2.7. Removal of Al3+ from water 

Recent findings suggest that aluminum in drinking water is a risk factor for 

Alzheimer's disease [50]. Therefore, simultaneous detection and recovery of Al3+ 

from the water was tested using surface ligands of the AgNPs. AgNPs from stock 

solutions were added to Al3+ solutions ranging from 0.37 to 8.89 µM and observed 

for up to 12 h while they remained static at ambient temperature (Figs. S3(a-d)). 

Subsequently, sedimentation was performed to separate the Al3+-bound AgNP 

complexes from the reaction solution, as shown in the Supplementary Materials. As 

indicated by the inset of Fig. S3a, the solution turns to red almost immediately after 
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Al3+ was mixed into the solution. The spectral profile of the AgNPs treated with 

increasing concentrations of Al3+ (4.44 to 8.889 µM) is presented to track the 

changes in red-shifted UV-vis spectra (Figs. S3b, c). Sedimentation was performed 

to separate the Al3+-bound probe from the aqueous solution after 12 h. The solution 

became clear and colorless (Fig. S3d), indicating the applicability of the AgNPs for 

removing Al3+ from the water samples. Moreover, the AgNPs used as a colorimetric 

probe could be used in removing Al3+ with the assistance of the sedimentation 

process; thus, secondary pollution could be avoided. Intrinsic–OH and –OH groups 

are known as prominent reaction sites that can complex metals ions in solution and 

are useful for the preconcentration or extraction of metal ions [51]. Similarly, 

removal of Al3+ from water and industrial wastewater by magnetic nanoparticles has 

been reported [52]. 

3.2.8. Morphological and elemental analysis of AgNP-Al3+ complexes  

We performed TEM imaging to observe the size and distribution of the gallic 

acid-functionalized AgNPs in aqueous solution before and after the addition of Al3+. 

Fig. 7(left side) shows the TEM image and morphology of the AgNPs, in which each 

particle is well distinguished and monodispersed in the aqueous media. Fig. 7(right 

side) shows the TEM image of aggregated AgNPs after the addition of Al3+; they 

could not be well distributed owing to the agglomeration of the AgNPs. The size of 
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the AgNPs treated with Al3+ was found to be larger than that of the monodispersed 

NPs. The average diameter and size distribution analysis of the AgNPs presents a 

significant difference in NP properties before and after the addition of Al3+. A 20-

fold increase in the size of the aggregated AgNPs with Al3+ was observed as 

compared with that of monodispersed AgNPs. In particular, the AgNPs offer 

excellent SPR properties, in addition to exhibiting strong and well-defined color that 

eased visualization, as shown in the inset of Fig. 7. Meanwhile, the colorimetric 

detection method for the detection of Al3+ based on a new aggregation mechanism 

of etched AgNPs has been reported recently [44]. Additionally, a colorimetric probe 

for the detection of Al3+ based on 11-mercaptoundecanoic acid-functionalized gold 

nanoparticles has been reported, in which the results confer to the chelation effect 

amid the carboxyl group and Al3+ [53]. 

The EDS drift-corrected spectra of Al3+ coordinated  AgNPs shown in Fig. 8b 

reveal the presence of only Ag, Al, O, and C elements. The selected area of AgNP 

aggregates in the TEM image for Al3+ (3.70 μM) is shown in Figs. 8c, d. The uptake 

of Al3+ by the AgNPs was confirmed by EDS elemental mapping, as presented in 

Figs. 8e, f. The AgNPs were aggregated after the treatment; the EDS mapping results 

indicate that Al3+ can be removed from the reaction mixture. As the main constituent 

metals of AgNP aggregates, Figs. 8e, f show the corresponding Al3+ and Ag EDS 
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maps. The EDS mapping data show that Al3+ was distributed around the surface of 

the AgNPs, ultimately covering the entire surface of the AgNPs (Figs. 8e, f). As 

shown, the distribution of Al3+ on the AgNP surface is relatively homogeneous (Fig. 

8e). The mapping result suggests that the AgNP surface participated in the 

coordination reaction and subsequently accelerated the agglomeration of AgNPs. 

Furthermore, the EDS results confirmed the role of AgNPs for the removal of Al3+. 

This study demonstrates the simultaneous detection and capturing of Al3+ using 

ligands on the AgNPs; similarly, a previous report demonstrated the detection and 

sorption of Pd(II) using ligands immobilized onto meso-adsorbents [54]. 

 

4 Conclusions 

Spherical gallic acid-functionalized AgNPs were prepared and 

comprehensively evaluated for the colorimetric and spectrophotometric detection of 

Al3+ in an aqueous medium. The hydroxyl group in gallic acid exhibits an affinity to 

metal ions; thus, several metallic cations were selected to test the selectivity and 

interference. The colorimetric sensing of Al3+ was based on the fact that AgNPs 

underwent aggregation immediately after the formation of a chelating complex 

between Al3+ and –OH groups, thereby resulting in a red-shifted SPR band at 525 

nm that produced a distinct color change from yellow to red. The results clarified 
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that the colorimetric detection and adsorption of Al3+ onto the AgNP surface were 

dependent on the initial Al3+ concentrations, contact time, and solution pH. More 

importantly, the observed spectral LOD of 0.55 µM and the visual LOD of 

approximately 0.92 µM were significantly lower than that of the upper limit (Al3+, 

7.41 µM) in drinking water recommended by the U.S. EPA and WHO. In particular, 

the advantages of this new route include ease of synthesis and stabilization, high 

level of speed, and the non-requirement for sophisticated equipment for on-site 

monitoring.  
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Figure legends:  

Fig. 1 (a) Time-resolved UV-vis spectra of AgNO3 reaction solutions, (b) Change in 

absorption at 420 nm at different reaction times. The inset shows digital photographs 

of the AgNPs solution, (c) Effect of storage (in months) on the UV-vis spectra of 

AgNPs in the reaction solution (corresponding digital photographs are shown in the 

inset), (d) Effect of storage (in months) on the UV-vis spectra of ultracentrifuged 

AgNPs (corresponding digital photographs are shown in the inset). 
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Fig. 2 (a) XPS survey spectra of the AgNPs, (b)  high-resolution Ag3d spectra of the 

AgNPs, (c) XRD spectra of the AgNPs, (d) TEM image of the AgNPs. 

 

Fig. 3 (a,b) UV-vis absorption spectra of the AgNPs upon the addition of different 

metals, (c,d) Corresponding absorbance intensity recorded at 525 nm for various 

metallic ions. The inset shows the colorimetric changes of the AgNPs in the presence 

of various metal ions. 

Jo
ur

na
l P

re
-p

ro
of



 

Fig. 4 (a) Absorption spectra and color of the AgNP solutions after addition of a 

narrow concentration range of Al3+ from 0.37 to 2.22 µM, (b) Plot of absorbance 

intensity recorded at 400 nm for the narrow concentration range of Al3+ from 0.37 to 

2.22 µM, (c) Plot of absorbance intensity recorded at 525 nm for the narrow 

concentration range of Al3+ from 0.37 to 2.22 µM, (d) Absorption spectra and color 

of the AgNP solutions after addition of a broad concentration range of Al3+ from 

0.37 to 8.89 µM, (e) Plot of absorbance intensity recorded at 400 nm for the broad 

concentration range of Al3+ from 0.37 to 8.89 µM, (f) Plot of absorbance intensity 

recorded at 525 nm for the broad concentration range of Al3+ from 0.37 to 8.89 µM.  
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Fig. 5 (a) Absorbance intensity of our nanosensor probe in the presence of Al3+ at 

different pH, (b) Real-time (1 to 10 min) absorbance response of the AgNPs in the 

presence of Al3+ (4.44 µM).  
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Fig. 6 (a) Decay profile of the absorbance response of the AgNPs recorded at 400 

nm and increasing concentrations of Al3+, as labeled in the graphs, (b) Decay profile 

of the absorbance response of the AgNPs recorded at 525 nm and increasing 

concentrations of Al3+, as labeled in the graphs. 
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Fig. 7 TEM images of the AgNP solution in the absence (left) and presence of Al3+ 

(right). The inset shows images of the corresponding solutions. 
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Fig. 8 (a) STEM imaging of the AgNP aggregates, (b) EDS of the AgNP aggregates 

in the presence of Al3+, (c) Selected area of AgNP aggregates in the presence of Al3+, 

(d) Reference image of selected AgNP aggregates in the presence of Al3+, (e) Al 

elemental mapping of the AgNP aggregates, (f) Ag elemental mapping of the AgNP 

aggregates.  
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Supplementory materials: 

Gallic acid-functionalized silver nanoparticles as colorimetric and spectrophotometric 

probe for detection of Al3+ in aqueous medium 
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Fig. S1 Time course of the UV-vis spectra in the presence of four different concentrations of Al3+ 

as labeled in the figures. 
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Fig. S2 (a) The effect of various metal ions on the UV-vis spectrum of GA-AgNPs over a 24 h 

incubation at ambient temperature, (b) The effect of various metal ions on the UV-vis spectrum of 

GA-AgNPs over a 24 h incubation at ambient temperature, (c) A wide range of metal ions did not 

exhibit significant interference on the detection of Al3+, with the exception of Mg2+, (d) A wide 

range of metal ions did not exhibit significant interference on the detection of Al3+, with the 

exception of Pt2+.  
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Fig. S3 Aggregation and sedimentation used for removal Al3+-bound GA-AgNP probes (a) spectral 

profile of the AgNPs after a 1 h treatment with Al3+ (4.44 to 8.89 µM). The inset shows the color 

of the solutions after the Al3+ was mixed with the solution, (b) spectral profile of the AgNPs after 

a 3 h treatment with Al3+ (4.44 to 8.89 µM), (c) spectral profile of the AgNPs after a 6 h treatment 

with Al3+ (4.44 to 8.89 µM), (d) spectral profile of the AgNPs after a 12 h treatment with Al3+ 

(4.44 to 8.89 µM). The inset shows the sedimentation of the solutions after the Al3+ was mixed 

into the solution. 
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Table. 1. Detection of Al3+ content based on different methods and approaches. 

Method Chemistry LOD Reference 

Fluorescent Benzothiazole 2.2 µM [35] 

Fluorescent Chemosensor 3.3 µM [36] 

Fluorescent Schiff-base 1.98 µM  [55] 

Colorimetric Polyacrylate 2.0 µM [37] 

Colorimetric Chemosensor 1.81 µM [56] 

Colorimetric Gallic acid 0.55 µM This work 
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Table. 2. Determination of the concentration of spiked Al3+ using the present method 

and comparisons with ICP-MS. *ND = not detected. 

 

Sr. 

No. 

Water 

samples 

Spiked Al3+ 

(µM) 

ICP-MS  

results (µM) 

Colorimetric 

results (µM) 

1  Lake water 0.0 

2.0 

ND 

2.18  

ND 

2.24 ±0.037 

 River water 0.0 

3.7 

ND 

3.84  

ND 

3.96 ±0.051 

3 Wastewater 0.0 

4.44 

0.68 

5.29 

0.76 ±0.013 

5.37 ±0.072 

4 Tap water 0.0 

5.18 

ND 

5.32 

ND 

5.43 ±0.078 

5 DI water 0.0 

7.40 

ND 

7.51 

ND 

7.62 ±0.089  
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