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Abstract—Gadolinium (Gd), a significant rare earth 

element, is gradually recognized as a contaminant in 

industrial wastewater. This is largely due to its 

widespread use in electronics manufacturing and 

medical imaging. Because gadolinium persist in the 

environment and can potentially harm ecosystems, 

effective and sustainable analytical methods are crucial 

for its monitoring and removal. This research introduces 

an environmentally friendly analytical method for the 

preconcentration and spectrophotometric determination 

of Gd ions in industrial wastewater using Vortex-Assisted 

Dispersive Liquid-Liquid Microextraction (VA-DLLME) 

with a novel Deep Eutectic Solvent as the extractant. In 

this process, Alizarine Red S (ARS) acts as a complexing 

agent at a pH of 5. Subsequently, a hydrophobic deep 

eutectic solvent is used to extract theses bound 

gadolinium ions. The Gd-ARS complex was subjected to 

vortexing at 2800 rom for 30 sec, facilitating to complete 

extraction of the complex into a non-aqueous phase. 

Various parameters were carefully analyzed to improve 

the extraction efficiency of gadolinium. The analytical 

performance showed consistent results, with linearity 

ranging from 14.5- 115 µg/L, a detection limit of 3.13 

µg/L, and a quantification limit of 10.43 µg/L. The 

enrichment factor was established at 50. The method also 

demonstrated high precision (RSD-1.56%) and accuracy, 

confirmed through recovery studies in wastewater 

matrices with spiked gadolinium. In the analysis of real 

wastewater samples, this approach exhibited good 

sensitivity and selectivity for quantifying Gadolinium. 

 

Index Terms—Gadolinium, Rare Earth Element, 

Dispersive liquid-liquid microextraction, Deep Eutectic 

Solvent, UV-Visible Spectrophotometry. 

 

I. INTRODUCTION 

 

Rare earth elements are of growing importance to 

modern society, driven by their critical role 

in numerous advanced technological applications[1]. 

These elements possess distinct chemical and physical 

properties, which making them key components across 

different high technology areas like renewable energy, 

electronics and medical applications[2][3]. The global 

increase in the use of rare earth elements, gadolinium, 

has recently brought about significantly environmental 

issues and challenges of valuable resource 

recovery[4]. Gadolinium is key for industrial and 

medical uses due to its unique magnetic and optical 

properties[5]. It is widely utilized as a contrast agent 

in magnetic resonance imaging, and is also 

incorporated into catalyst, alloys, phosphors, nuclear 

reactors and electronic devices[6][7][8]. However, the 

increasing discharge of gadolinium into medical and 

industrial wastewaters raises environmental 

concerns[9,10]. 

The presence of gadolinium in industrial wastewater is 

a serious concern for several reasons. Although 

gadolinium in its metallic form is not highly toxic, but 

its ionic and complexed compounds, specifically those 

used in MRI contrast agents can accumulate in aquatic 

systems and it can enter the food chain[11–13]. The 

determination of Gd in aquatic environments raises 

questions regarding its long-term effects on organisms, 

human health and ecosystems[14–17]. The increasing 

environmental contamination is largely due to the 

inability of conventional wastewater treatment 

systems to effectively remove rare earth elements. 

Therefore, effective methods are needed for the 

selective extraction and preconcentration of 
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gadolinium from complex wastewater matrices to 

control the pollution and recovery of these valuable 

rare earth resources. 

Among the various separation techniques, solvent 

extraction has emerged as an effective technique for 

the selective estimation and recovery of transition 

metals and rare earth elements from secondary 

sources, such as industrial wastewater. This approach 

is chosen for its effectiveness in separating target 

analytes from complex matrices[18].  

The traditional classical solvent extraction method 

faces several limitations. It is labor-intensive and time-

consuming, requiring highly pure organic solvents. 

Additionally, the disposal of used organic solvents 

poses environmental challenges, complicating the 

process[19]. Miniaturised microextraction methods 

have emerged as alternatives to conventional solvent 

extraction methods for instance dispersive liquid-

liquid microextraction (DLLME)[20,21], cloud point 

extraction[22], liquid-phase microextraction[23,24], 

solid phase microextraction[25], hollow fiber phase 

microextraction[24] and solid floating organic drop 

microextraction[26]. These have been developed 

which utilize a limited amount of extracting agents and 

involve a minimal number of processing steps. 

Mohammad Razaee et.al 2006, have established a 

novel, simple, quick and effective microextraction 

method called dispersive liquid-liquid microextraction 

(DLLME). This innovative technique can effectively 

concentrate both inorganic as well as organic analytes 

from aqueous media[27]. Conventional DLLME 

methods have limitations and attributes that reduce 

their compatibility with the green analytical sample 

preparation process principles[21]. The DLLME 

approach involves the swift injection of blend of 

dispersing and extraction solvents into aqueous 

samples containing the target analytes, resulting in the 

formation of a turbid solution. This cloudiness is 

attributed to the dispersion of minute droplets of the 

extraction solvent within the sample solution. The 

centrifugation of the sample results in the 

sedimentation of the droplets at the bottom of the test 

tube[28]. The analyte in the sedimented phase is 

determined using different detection methods. The 

most widely employed analytical techniques coupled 

with DLLME for the detection and quantification of 

rare earth elements include Inductively couples 

plasma-quadrupole mass spectrometry (ICP-

QMS)[29], Inductively coupled plasma- optical 

emission spectrometry[30], Inductively coupled 

plasma-mass spectrometry (ICP-MS)[31]. UV-Visible 

spectrophotometry[32] also commonly used detection 

method in combination with DLLME for detecting 

metal ions, however it is not used to quantify the rare 

earth elements. These techniques require complex 

sample pretreatment and expensive instrumentation. 

The DLLME approach has been further enhanced 

through the modification of DLLME with integration 

of vortex-assisted techniques[33].  This study 

investigates the feasibility of employing a simple 

vortex-assisted dispersive liquid-liquid 

microextraction technique for the detection and 

quantification of rare earth metals. Determining the 

gadolinium concentration at trace or even ultra-trace 

levels often necessitates a reliable preconcentration 

step[34]. The proposed method utilises a vortex mixer 

to achieve efficient dispersion of the extractant, 

eliminating the need for a disperser solvent. In contrast 

to the commonly used hazardous organic solvents in 

standard DLLME procedures, hydrophobic deep 

eutectic solvent was used.  

Deep eutectic solvents (DES) are formed by 

combining a hydrogen bond acceptor (HBA) and a 

hydrogen bond donor (HBD). The DES were initially 

detailed in the academic publications authored by 

Abbott and coworkers[35]. In this research work, 

biodegradable deep eutectic solvents were utilized as 

the extractants. Eugenol, an effective hydrogen bond 

donor, was combined with various ammonium salts to 

synthesize hydrophobic DES.  

Eugenol based deep eutectic solvent was initially 

documented for the microextraction of Sudan 

dyes[36]. DES offer several advantages, including 

ease of preparation, environmental friendliness, 

biodegradability, and low toxicity. Hydrophobic DESs 

are particularly useful in replacing traditional 

hazardous organic extraction solvents in DLLME for 

metal ion detection in aqueous samples[32]. They can 

serve as effective extraction media and can be easily 

synthesized without purification[37][38][39]. This 

study reports the first known implementation of the 

novel eugenol based deep eutectic solvent vortex-

assisted dispersive liquid-liquid microextraction 

technique for the detection and quantification of 

gadolinium from industrial waste water samples. To 

the best of our knowledge, this method has not been 

previously employed for the analysis of gadolinium by 

eugenol based DES VA-DLLME method from 
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industrial waste water sample. The present study 

utilised deep eutectic solvent-based VA-DLLME 

coupled with UV-Visible spectrophotometry to 

analyse gadolinium ions in industrial waste water, 

owing to its simplicity and cost-effectiveness.  

 

II. EXPERIMENTAL 

 

2.1 Materials and reagents 

In this work, we focused on establishing a reliable 

spectrophotometric methodology for the quantitative 

assessment of Gadolinium ions in aqueous media. A 

standard stock solution of Gadolinium (1000 mg/mL) 

was prepared utilizing a certified Gadolinium standard 

solution obtained from Sigma-Aldrich (Mumbai, 

India). This standard solution was then serially diluted 

with double-distilled water to produce the necessary 

μg/mL standard solutions of Gd ions. Key chemicals 

for this study, Eugenol and Alizarin Red S (3,4-

dihyfroxy-9,10-dioxo-9,10-dihydroxyanthracene-2-

sulphonate), were procured from Loba Chemicals 

(Mumbai, India) and quaternary ammonium salts were 

sourced from Spectrochem. All other analytical grade 

reagents and solvents employed in the experimental 

procedures were acquired from S.D. Fine-chem 

(Boisar, India). Double-distilled water was 

consistently used throughout the experimental   

procedure. Industrial wastewater originated from 

Tarapur M.I.D.C, Maharashtra. 

2.2 Instrumentation 

The Gadolinium metal complex underwent a 

comprehensive analysis utilizing UV-Visible 

spectrophotometry (Shimadzu Analytical, India) in 

conjunction with a microcuvette to determine various 

parameters of complex. For uniform sample 

homogenization, vortex agitation was performed using 

a vortex apparatus (Remi, India). Centrifugation via a 

centrifuge apparatus (Remi, India) facilitated the 

separation of the extracted phase. A pH measurement 

device (Thermo Scientific, India) was utilized to 

carefully monitor the pH levels of both the blank and 

analyte samples.  

 

2.3 Synthesis of DES 

In the present study, six hydrophobic DES based on the 

Eugenol (hydrogen bond donor) and containing 

different quaternary ammonium salts, (A) Benzyl 

triethyl ammonium chloride, (B) Benzyl triethyl 

ammonium bromide, (C) Benzyl trimethyl ammonium 

chloride, (D) Benzyl trimethyl ammonium bromide, 

(E) Benzyl tributyl ammonium chloride, (F) Benzyl 

tributyl ammonium bromide, were synthesized. The 

hydrophobic DES were synthesized by mixing in 3:1 

molar ratio of Eugenol to salt (C). The components 

were mixed and heated to 55º C until a clear, 

homogenous liquid was obtained, which was allowed 

to cool at room temperature for analytical 

characterization. Fourier Transform Infrared 

Spectroscopy (FTIR) was used to study the structural 

features of the synthesized deep eutectic solvents; with 

comprehensive spectral data presented in the Figure 1. 

The formation of DES was confirmed by strong 

intermolecular hydrogen bonding between the 

quaternary ammonium salts and eugenol, was 

evidenced by red shift in the -OH group stretching 

vibration from 3500 cm-1 in pure eugenol to the 3300-

3100 cm-1 region in the DESs, indicate that longer and 

stronger hydrogen bonds formed within the eutectic 

mixture. These finding confirmed that the DES was 

successfully prepared. 

2.4 Va-Dllme Of Gd (III) 

A preconcentration procedure was executed before 

analytical measurements. This preconcentration step 

was performed in 15 mL calibrated conical tube. 

Initially, a 10 mL aqueous solution containing 86.10 

µg/L of Gadolinium ions was complexed with 250 µL 

of ARS acting as a chelating reagent at a pH range of 

5-6. Then resulting Gadolinium complex was 

efficiently extracted by rapidly injecting 200 µL of 

DES via syringe. The mixture was homogenized by 

vortex agitation for 1 minute at 2800 rpm, which 

dispersed the DES into fine microdroplets within the 

solution, creating cloudy emulsion. Following this the 

sample underwent centrifugation at 5000 rpm to 

sediment the extracted phase. The concentrated 

sedimented phase was carefully isolated using a 

syringe and analyze using UV-Visible 

spectrophotometer with microcuvette. This dispersive 

liquid-liquid microextraction technique significantly 

improves extraction process by increasing the 

interfacial surface area and allowing rapid, almost 

complete analyte recovery.  

2.5 Application to real samples 

The proposed method was rigorously applied to 

industrial wastewater samples from Tarapur M.I.D.C., 

Maharashtra. To ensure accurate analysis, these 

samples were initially filtered through a 0.45 mm 
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cellulose membrane and subsequently stored in pre-

cleaned glass bottles. A wastewater sample was taken 

without pretreatment before determination using VA-

DLLME procedure. The method’s accuracy was 

confirmed by measuring the recovery of rare earth 

elements in spiked water samples. This validated the 

Gadolinium ion extraction method’s effectiveness 

across various wastewater types, proving its practical 

use for environmental monitoring. The VA-DLLME 

method showed good recovery rates for Gadolinium in 

complex wastewater, which suggesting its potential for 

routine analysis. 

 

III. RESULTS AND DISCUSSION 

 

The successful implementation of reliable analytical 

performance, particularly within complex sample 

matrices, requires meticulous optimization for any 

proposed methodology. The VA-DLLME method, 

while rapid, efficient and effective, required further 

optimization of specific factors to enhance its overall 

efficiency and applicability. This optimization 

initiative precisely investigated key factors, including 

solution pH, the precise concentration and quantity of 

the chelating agent, the selection and volumetric 

dosage of the extraction solvent, optimal vortex 

agitation duration, specific centrifugation parameters, 

the influential role of salt addition, and the potential 

for interference from co-existing foreign ions. The 

optimization procedure adhered to a one-variable-at-a-

time approach. All experiments consistently 

performed in triplicate to ensure robust and 

reproducible results. The resultant enrichment factor 

and extraction recovery, both indispensable for 

validating analytical performance. The extraction 

recovery and enrichment factor (EF) were calculated 

employing the subsequent equations (1) & (2)[40,41]  

% Recovery = 
 Cdes

C0
× 100 (1) 

EF = 
Vsample 

Vsediment
 (2) 

 

Cdes and C0 are the concentrations of the analyte in the 

DES phase after extraction to the original analyte 

concentration. Vsample and Vsediment are the volumes of 

sample and sedimented phase, respectively. 

 

3.1 pH Effect 

The pH was identified as vital parameter that 

influenced the percent recovery and the formation of 

the Gadolinium-Alizarine Red S (ARS) complex 

during the VA-DLLME procedure. Gadolinium was 

found to form a stable complex with ARS under acidic 

conditions, facilitating its efficient extraction. 

Consequently, the impact on the Gd-ARS complex 

formation and the recovery was studied across the 

series of 2.0 to 9.0 (adjusted by 0.1 mol L-1 HCl and 

NaOH). The Gadolinium recoveries increased as the 

pH was elevated from 2.0 to 5.0, reaching optimal 

values within the pH range of 5.0 to 6.0 these findings 

are displayed in Figure 2. Subsequent optimization 

studies were conducted at a pH of 5.0. Adjusting the 

pH can also influence the stability of analytes during 

the extraction process. By optimizing the pH, the 

stability of these analytes was observed up to 24 hours. 

The extension of analyte stability directly contributes 

to more precise and reliable analytical measurements, 

enhancing the overall robustness and reproducibility 

of the analytical method. 

3.2 Study of Absorption Spectra 

In this study, a UV-Visible spectrophotometer was 

utilised to optimized parameters. Spectrophotometric 

analysis of the Gadolinium complex was performed to 

characterize its absorption spectrum. The maximum 

absorption wavelength was determined to be 600 nm, 

with measurement referenced against a reagent blank 

as shown in Figure 3. 

3.3    Effect of amount of ARS (Chelating reagent) 

The Gd (III) ion forms a complex with Alizarin Red S, 

and the impact of ARS concentration was examined 

using a 0.01% to 0.1% solution, as depicted in Figure 

4. It is evident that the absorbance was observed to rise 

proportionally with increases in the chelating reagent 

concentration up to 0.1% and alizarin red S was 

subsequently selected for further studies. Similarly, the 

volume of the chelating reagent demonstrated 

significant effects on the extraction efficiency of 

Gadolinium. As the reagent volume was increased 

from 50 to 400 µL, the Gd recovery exhibited a 

corresponding rise, ultimately plateauing around 250 

µL. The optimal volume of alizarine red S required for 

effective complexation and extraction of Gd was 

approximately 250 µL as shown in Figure 5. 

3.4 Selection of DES 

Selecting a suitable extraction solvent is essential for 

efficiently separating the analyte from the sample 
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matrix. The current study investigated the 

performance of various deep eutectic solvents as 

potential extraction. Consequently, a deep eutectic 

solvent labelled as DES C (Benzyl trimethyl 

ammonium chloride) was chosen as the extracting 

solvent to be used in further investigations. 

Furthermore, the volume of DES-C ranging from 25 

µL to 400 µL were analysed under optimal 

experimental conditions. The finding revealed that a 

DES C volume of 200 µL displayed the maximum 

percentage of extraction, leading to selection of 200 

µL of DES-C for subsequent extractions as shown in 

Figure 6. 

3.5 Effect of Vortex Time 

The efficiency of analyte extraction is fundamentally 

dependent on the rate of mass transfer from the sample 

solution to the extraction phase. As such, determining 

the optimal agitation times for dispersion is a critical 

step in maximizing the transfer of the analyte from the 

aqueous phase to the organic phase. This optimization 

step is instrumental in enhancing the overall 

effectiveness of the extraction procedure. To achieve 

sufficient dispersion for maximum extraction of the 

Gd-ARS complex, am appropriate vortex time was 

required. The impact of vortex duration on extraction 

efficiency was evaluated by changing the duration 

from 10 seconds to 90 seconds, while other 

experimental variables remained constant, as shown in 

Figure 7. The outcomes revealed that the extraction 

effectiveness increased as the vortex period was 

extended, with the absorbance showing the most 

significant change up to 30 seconds of vortexing, 

beyond 30 seconds, the absorbance did not change 

significantly, indicating that the Gd-ARS complex had 

been effectively dispersed and extracted within this 

duration. Therefore, 30 second was selected as the 

optimal vortex period to maximize the extraction, as it 

provided a balance between efficient dispersion and 

time-effectiveness. 

3.6 Centrifugation parameter 

After agitation using a vortex shaker at 2800 rpm 

under optimized conditions, the Gd-ARS complex was 

successfully extracted into the DES phase. To enable 

effective separation of Gd-enriched DES phase for 

further analysis, the sample underwent centrifugation 

at an optimal speed of 5000 rpm for 30 seconds. This 

rapid centrifugation step facilitated efficient 

separation and maximum extraction, causing the 

sedimented portion to accumulate at the base of 

centrifugation tube. The isolated DES phase, 

containing the Gd-chelate complex, was then removed 

using a syringe and subjected to UV-Visible 

spectrophotometric analysis. The separation of Gd-

ARS complex in the DES phase was determined to be 

both effective and complete within the given 

centrifugation parameters. 

3.7 Effect of salt concentration 

The study investigated the impact of incorporating 

varying sodium chloride concentrations in the sample 

solution on extraction efficiency. This analysis 

explored the effect of salt addition on the extraction 

process. While the introduction of salts can potentially 

enhance the extraction of metal complexes and 

decrease their solubility in aqueous media due to the 

salting out effect, the present study evaluated the 

effects of 2.5%, 5 % and 10% NaCl, KCl, Na2SO4 and 

NaNO3 on an 86.10 μg/L Gadolinium solution. The 

findings revealed that incorporating these salts did not 

enhance the extraction efficiency compared to when 

no salts were added. 

3.8 Effect of metal interference 

The impact of matrix constituents on the determination 

of analyte elements using instrumental techniques 

should be evaluated through 

preconcentration/separation procedures. Certain 

foreign ions can form stable complexes with ARS and 

the salt components in real environmental samples, 

potentially interfering with the proposed method for 

Gd (III). Consequently, the influence of common 

coexisting ions on the VA-DLLME of Gd (III) ion was 

investigated. The effects of the scrutinized matrix were 

assessed independently. The results for percentage 

recovery, as presented in 

Table 1, indicate that elevated concentrations of these 

interfering ions did not affect the recovery of 

Gadolinium, demonstrating the high selectivity and 

lack of interference in the method following the 

established protocol, the solutions containing 86.10 

µg/L of Gadolinium was spiked with varying 

concentrations of foreign ions and processed using the 

developed method. Thiocyanate was employed as a 

masking agent to mitigate the interference of Fe (II), 

but higher levels of these elements did impact the 

method. 
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3.9 Analytical figures of merits and validation of VA-

DLLME method 

The VA-DLLME method coupled with UV-Visible 

spectrophotometry, evaluated remarkable analytical 

performance under optimal conditions. The study 

investigated key analytical parameters, including limit 

of quantification (LOQ), relative standard deviation 

(RSD), limit of detection (LOD), and enrichment 

factor (EF). The calibration curve demonstrated 

linearity over the 14.5 to 115 µg/L concentration range 

for Gd (III) ions, with a corelation coefficient of 

0.9996. the intraday precision, expressed as the 

relative standard deviation, was 1.56% based on 10 

replicate measurements at 86.10 µg/L Gd (III). The 

quantification limit and detection limit were 

determined to be 10.43 µg/L and 3.13 µg/L, 

respectively using established calculation methods. 

Additionally, the enrichment factor was found to be 

50. The analytical figures of merit for the VA-DLLME 

method are summarized in Table 2. 

 

3.10 Comparison with reported methods: 

This study represents DES based VA-DLLME 

conjunction with spectrophotometry for the analysis of 

waste-water. The proposed method employs an 

environment-friendly DES extraction solvent and 

vortex assistance, offering selective analysis of 

Gadolinium to previous studies. Specifically, it 

exhibits a linear range of 14.5 to 115 µg/L, a limit of 

detection of 3.13 µg/L, and a relatively low relative 

standard deviation (RSD) of 1.56%. These favourable 

analytical figures of merit provide an alternative to 

methods relying on hazardous organic solvents, as 

detailed in the comparative information presented in 

Table 3. 

3.11  Analysis of real sample 

The developed DLLME technique was employed to 

analyses waste-water gathered from various industrial 

manufacturing sites. The untreated waste-water 

subjected to the established VA-DLLME procedure. 

Quantification of the analyte concentrations in the 

samples was achieved through the use of calibration 

curve generated for pure aqueous standards that 

underwent the same VA-DLLME process. The 

analytical findings for these specimens are presented 

in Table 4. The proposed method’s reliability was 

verified by directly analyzing the samples using the 

spike method, and the results demonstrated a good 

alignment with the expected outcomes. The recovery 

of Gadolinium from industrial waste-water was 

examined using four samples of different weights. As 

the spiked Gadolinium concentration increases from 0 

to 15 μg/mL, the amount of Gadolinium found in each 

corresponding increases, indicating successful 

recovery of Gadolinium from the waste-water. The 

recovery rates for each sample ranged from 97.3% to 

101.20% indicating the proposed method’s 

effectiveness and reliability. 

 

IV. CONCLUSION 

 

This research presents a green approach utilizing novel 

biodegradable Eugenol-based deep eutectic solvents 

as extracting agents for the vortex-assisted dispersive 

liquid-liquid microextraction of Gadolinium as Gd-

ARS complexes. The proposed VA-DLLME method 

utilized in conjunction with UV-Visible 

spectrophotometric analysis, which has demonstrated 

its reliability and cost-effectiveness for quantifying the 

concentration of Gadolinium in waste-water compared 

to previous studies, as shown in Table 3. The method 

exhibits excellent potential for accurately determining 

the concentration of Gadolinium in these industrial 

waste-water. The advantages of proposed approach 

include its simplicity, favourable linearity range, and 

high recovery rate. Furthermore, the microextraction 

based method utilizing DES as the extracting solvent, 

along with vortex-assisted extraction and low waste 

generation, make this green analytical technique for 

the detection of Gadolinium in waste-water. This 

method offers a convenient and comprehensive 

solution for lab-scale analysis of gadolinium in 

industrial waste water, combining environmental 

sustainability, analytical reliability, and cost-

effectiveness. The current study represents the novel 

eugenol-based DES to employ VA-DLLME 

spectrophotometry technique for detecting and 

quantifying Gadolinium in industrial waste-water. 

Figures and Tables  

Figure 1-FT-IR analysis of the synthesized Deep 

Eutectic Solvent. 
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 Figure 2- Effect of pH 

 
Conditions: λmax – 600 nm, Gd (III) ions- 86.10 μg/L, 

ARS- 0.1% w/v, Vortex- 0.5 minutes, Centrifugation- 

0.5 minutes, DES- 200 µL-1. DLLME- Dispersive 

Liquid-Liquid Microextraction; ARS- Alizarin Res S; 

DES- Deep Eutectic Solvent; VA-Vortex Assisted.  

The error bars represent the standard deviation (n=3) 

 

Figure 3-Absorption spectra for Gd-ARS 

complex after and without VA-DLLME. 

 
Conditions: λmax – 600 nm, Gd (III) ions- 86.10 μg/L, 

pH-5.0, ARS- 0.1% w/v, Vortex- 0.5 minutes, 

Centrifugation- 0.5 minutes, DES- 200 µL-1. 

DLLME- Dispersive Liquid-Liquid Microextraction; 

ARS- Alizarin Res S; DES- Deep Eutectic Solvent; 

VA-Vortex Assisted.  

The error bars represent the standard deviation (n=3) 

 

Figure 4-Optimizing the concentration of 

chelating reagent ARS 

 
Conditions: λmax – 600 nm, Gd (III) ions- 86.10 μg/L, 

pH-5.0, ARS- 0.1% w/v, Vortex- 0.5 minutes, 

Centrifugation- 0.5 minutes, DES- 200 µL-1. 

DLLME- Dispersive Liquid-Liquid Microextraction; 

ARS- Alizarin Res S; DES- Deep Eutectic Solvent; 

VA-Vortex Assisted.  

The error bars represent the standard deviation (n=3) 
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Figure 5-Optimizing the volume of chelating 

reagent ARS 

 
Conditions: λmax – 600 nm, Gd (III) ions- 86.10 μg/L, pH-

5.0, ARS- 0.1% w/v, Vortex- 0.5 minutes, Centrifugation- 

0.5 minutes, DES- 200 µL-1. DLLME- Dispersive Liquid-

Liquid Microextraction; ARS- Alizarin Res S; DES- Deep 

Eutectic Solvent; VA-Vortex Assisted.  

The error bars represent the standard deviation (n=3) 

Figure 6-Optimizing the volume of extraction solvent 

 

 

Conditions: λmax – 600 nm, Gd (III) ions- 86.10 μg/L, pH-

5.0, ARS- 0.1% w/v, Vortex- 0.5 minutes, Centrifugation- 

0.5 minutes, DES- 200 µL-1. DLLME- Dispersive Liquid-

Liquid Microextraction; ARS- Alizarin Res S; DES- Deep 

Eutectic Solvent; VA-Vortex Assisted.  

The error bars represent the standard deviation (n=3) 

Figure 7-Optimizing the volume of vortex time 

 
Conditions: λmax – 600 nm, Gd (III) ions- 86.10 μg/L, pH-

5.0, ARS- 0.1% w/v, Vortex- 0.5 minutes, Centrifugation- 

0.5 minutes, DES- 200 µL-1. DLLME- Dispersive Liquid-

Liquid Microextraction; ARS- Alizarin Res S; DES- Deep 

Eutectic Solvent; VA-Vortex Assisted.  

The error bars represent the standard deviation (n=3) 
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Table 1: Interference effect of some matrix ions on percent recoveries of Gd (III), pH:5, ARS: 0.1% w/v, DES: 200 

µL (Relative error ±5%). 

 
aMasked with 0.6 mg thiosulphate, bMasked with 0.7 mg oxalic acid, cMasked with thiourea. 

 

Table 2 : Analytical figure of merits. 

*LOD and *LOQ based on 3.3 and 10 σ criterion, respectively. 

Table 3 : Comparative assessment of separating and analytical techniques for Gadolinium and other REEs. 

Metal Interference Proportion Recovery % 

Cu (II) 1:300 98.2 

aNi (II) 1:90 92.1 

Zn (II) 1:90 90.6 

bCr (VI) 1:90 90.2 

Co (II) 1:150 104.7 

CV (V) 1:90 91.2 

Mg (II) 1:60 96.7 

Ca (II) 1:90 91.5 

Hg (II) 1:30 98.4 

aFe (III) 1:120 91.8 

SO4
2- 1:60 97.8 

S2O3 2- 1:450 108.8 

F- 1:30 99.1 

Br- 1:300 109.5 

Cl- 1:60 99.6 

I- 1:30 96.5 

PO4 3- 1:150 98.6 

Parameter Analytical figures 

Determination coefficient (R2) 0.9996 

Linear Range 14.5 to 115 µg/L 

Limit of detection (LOD*) (n=10) 3.13 µg/L 

Limit of quantification (LOQ*) (n=10) 10.43 µg/L 

Relative standard deviation (RSD) (n=10) 1.56% 

Enrichment factor 50 

Separating/analytical 

technique 

Samples REE 

quantified 

by method 

Solvents References 

DLLME/ICP-QMS Ground water 14 REEs Aliquat ®336 

(tricaprylmethylammoniumchloride) 
[29] 

DLLME/ICP-MS Spent catalyst Ga, La, Tb, 

Tm, Y, Yb 

Ethanol 

Chloroform 
[31] 

D-SPE-

DLLME/ETV-ICP-

MS 

Lake water, 

River water 

14 REEs Carbon tetra chloride 

[42] 
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ICP-OES: Inductive couple plasma optical emission spectroscopy, REE- rare earth element, ICP-QMS- Inductively 

coupled plasma-quadrupole mass spectrometry, ETV-ICP-MS- Electrothermal vaporization-inductively coupled 

plasma mass spectrometry. 

 

Table 4: Determination of gadolinium in industrial waste-water. 

Waste-water sample 

 

 

Gadolinium amount 

Spiked Found* 

in µg/mLin µg/mL 

Recovery 

 

(%) 

Sample A 0 0.95 ± 0.15 - 

 2 2.94 ± 0.35 99.6 

 4 4.93 ± 0.35 99.59 

Sample B 0 1.02 ± 0.24 - 

 2 3.03 ± 0.49 100.3 

 4 5.08 ± 0.36 101.2 

Sample C 0 0.98 ± 0.51 - 

 2 2.90 ± 0.13 97.3 

 4 4.90 ± 0.20 98.3 

Sample D 0 0.9 ± 0.49 - 

 2 2.85 ± 0.05 99.15 

 4 5.02 ± 0.11 100.8 

*Mean± Standard deviation (n=5) 
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