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 Phosphate mobility and bioavailability play critical roles in aquatic ecosystems, yet 

conventional monitoring methods are limited by sample disturbance and poor 

representation of in-situ conditions. The Diffusive Gradients in Thin Films (DGT) 

technique overcomes these limitations by enabling passive, in-situ measurement that 

accurately reflects natural solute diffusion and sediment resupply dynamics. This study 

introduces lanthanum metal-organic frameworks (La-MOF) as a novel selective binding 

agent in a DGT for in situ phosphate monitoring. La-MOF was synthesized via 

solvothermal using DMF (La-MOF 1) and mixed DMF/water (La-MOF 2), then 

characterized by XRD, FTIR, SEM-EDX, and BET analysis. Structural characterization 

confirmed successful framework formation for both materials. La-MOF 2 exhibited 

improved crystallinity, more homogeneous morphology, higher specific surface area 

(84.96 m2 g-1) and larger pore volume (0.090 cc g-1) compared to La-MOF 1. The 

selectivity performance of La-MOF DGT was evaluated across pH 2-11 and in the 

presence of competing anions (NO3
-, SO4

2-, and CO3
2-). Optimal phosphate uptake 

occurred at pH 4-7, corresponding to the predominance of H2PO4
- species. The inhibitory 

effect on phosphate uptake followed the order: NO3⁻ > CO3²⁻ > SO4²⁻. These findings 

demonstrate the potential applicability of La-MOF as a selective binding agent for DGT-

based phosphate monitoring in aquatic environments. 
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1. INTRODUCTION  
The mobility and bioavailability of phosphate in 

aquatic and terrestrial environments have profound 

implications for nutrient cycling1, eutrophication2, and 

ecosystem health3. Accurate determination of 

bioavailable phosphate is essential for understanding 

phosphorus dynamics and supporting effective 

environmental monitoring and management. 

Conventional phosphate determination methods, 

including biological treatments4, electrochemical and 

chemical precipitation5, ion exchange6, adsorption7,8, 

crystallization9, membrane filtration10, and other 

analytical approaches, often suffer from limitations 

such as sample alteration, low temporal resolution, 

and the inability to reflect in situ conditions regarding 

solute resupply from solid phases11. These limitations 

become particularly important in dynamic aquatic 

systems where phosphate concentrations can 

continuously fluctuate due to adsorption-desorption 

equilibria, microbial activity, and physicochemical 

interactions.  

To overcome these limitations, the Diffusive 

Gradients in Thin Films (DGT) technique has been 

widely applied as a passive sampling method capable 

of measuring labile and bioavailable species directly 

under in situ conditions12. Unlike conventional grab 

sampling methods, DGT enables time-integrated 

measurements that better reflect the dynamic 

exchange between dissolved species and surrounding 

solid phases13. Because the technique continuously 

removes labile analytes from solution through a 

binding layer, DGT can mimic natural uptake 
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processes occurring in biological systems, thereby 

providing a more environmentally relevant assessment 

of bioavailable nutrients and contaminants14. 

The DGT device consists of three main 

components: a filter membrane, a diffusive gel layer, 

and a binding layer15. During deployment, dissolved 

analytes diffuse through the filter membrane and 

diffusive gel before being immobilized by the binding 

layer, which ideally acts as an infinite sink16. This 

continuous uptake process establishes a stable 

concentration gradient across the diffusive layer, 

allowing analyte concentrations to be quantitatively 

determined based on Fick’s first law of diffusion17. 

Under ideal conditions, the concentration measured by 

DGT reflects the labile and bioavailable fraction of 

analytes in the surrounding environment15.  

However, an increasing number of studies have 

reported limitations in DGT performance, particularly 

due to slow binding kinetics, insufficient adsorption 

capacity, and environmental matrix effects such as 

dissolved organic matter, ionic strength, ligand 

complexation, and diffusive boundary layers, all of 

which may disrupt steady-state diffusion conditions 

and bias DGT-derived concentrations18-19. 

Furthermore, when the binding layer capacity 

becomes saturated or when slowly dissociating 

complexes dominate, the binding layer no longer 

behaves as an infinite sink, and the linear uptake 

assumption may fail20. 

To overcome these limitations, recent research 

has explored nanostructured binding materials, 

particularly metal-organic frameworks (MOFs), as 

promising alternatives for the DGT binding layer due 

to their high surface area, tunable pore structure, and 

strong adsorption capability21. Among them, 

lanthanum-based metal-organic frameworks (La-

MOF) have attracted attention because of their strong 

affinity towards phosphate species. Santikasari et al. 

(2020) demonstrated that La-MOF-based DGT 

systems exhibited enhanced phosphate uptake 

capacity (≈ 37.8 µg P in 24 h) compared to 

conventional binding layer 22. 

Despite these advances, several critical aspects 

of La-MOF-based DGT performance remain 

insufficiently understood, including the influence of 

synthesis solvent composition on the structural and 

adsorption properties of the resulting frameworks, the 

effect of solution pH on phosphate speciation and 

uptake behavior, and the interference caused by 

competing anions such as nitrate (NO3
-), carbonate 

(CO3
2-), and sulfate   (SO4

2-).- 23–25. Addressing these 

aspects is essential for evaluating the practical 

applicability of La-MOF DGT systems under the 

variable physicochemical conditions commonly 

encountered in natural aquatic environments. 

Therefore, this research extends  previous La-

MOF DGT research to provide a deeper understanding 

of phosphate adsorption behavior under varying 

environmental conditions. The specific objectives of 

this study were: (1) to compare the physicochemical 

properties of La-MOF synthesized solvothermally in 

DMF and mixed water/DMF solvent systems using 

XRD, FTIR, SEM-EDX, and BET analysis; (2) to 

evaluate the effect of solution pH (2–11) on phosphate 

accumulation by La-MOF DGT and determine the 

optimal pH range for phosphate uptake; and (3) to 

investigate the influence of competing anions such as 

nitrate (NO₃⁻), carbonate (CO₃²⁻), and sulfate (SO₄²⁻) 

on phosphate accumulation and assess their 

competitive effects on La-MOF DGT performance. 

 

2. RESEARCH METHODS  
Materials 

Materials used in this research were analytical 

grade and without any further purification step. 

La(NO3)3.6(H2O) by Sigma Aldrich, 1,4-

benzenedicarboxylic acid (BDC) by Merck, acetone 

by Merck, N,N-dimethylformamide (DMF) by Sigma 

Aldrich, Acrylamide 40% by Sigma Aldrich, N,N’ 

metylenebisacrilamide 1% by Merck, N,N,N’,N’- 

tetramethylethylendiamine (TEMED) 99% by Merck, 

cellulose nitrate membrane filter by Whatman, 

KH2PO4 by Smartlab, NaOH by Merck, NaNO3 by 

Merck, NaHCO3 by Merck, Na2SO4 by Merck, HNO3 

by Merck, H2SO4
 by Merck, C6H8O6 by Merck, 

potassium antimony tartrate by Merck, ammonium 

heptamolybdate tetrahydrate by Merck, deionized 

water by Onemed. 

 
Equipment 

The equipment used in this research were 

standard laboratory glassware, magnetic stirrer, hot 

plate stirrer, teflon autoclave, thermometer, oven, pH 

meter, and filter paper. Meanwhile, material 

characterization was performed using Fourier 

Transform Infrared Spectroscopy (FTIR), X-Ray 

Powder Diffraction (XRD), Scanning Electron 

Microscopy – Energy Diffraction X-Ray 

Spectroscopy (SEM-EDX), UV-Visible Diffuse 

Reflectance Spectroscopy (UV-DRS), and Brunauer-

Emmett Teller (BET) Surface Area Analyzer.  

 
Synthesis and characterization of La-MOF 

In this research, the synthesis of La-MOF was 

conducted using a solvothermal approach, which was 

adapted from the method reported by Liu et al. in 

201626. Specifically, 0.533 g La(NO3)3.6(H2O) and 

0.514 g terephthalic acid (H2BDC) were dissolved in 

30 mL of N,N-dimethylformamide (DMF), then 

stirred for 30 minutes, later the product was known as 

La-MOF 1. For comparison, 0.437 g La(NO3)3.6(H2O) 

and 0.254 g BDC were dissolved in DMF/water 

solvent with a ratio of 20:1 v/v, then stirred for 30 
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minutes, and later the product was known as La-MOF 

2. After 30 minutes, both mixtures were transferred to 

a teflon autoclave and heated at 120 °C for 20 hours. 

Then the products were washed repeatedly with 

acetone to remove unreacted ligands and residual 

solvents, then collected by filtration and dried at 60 °C 

for 24 hours.  

The resulting La-MOF 1 and La-MOF 2 

powders were characterized using X-Ray Diffraction 

(XRD) to confirm crystalline structure, Fourier 

Transform Infrared Spectroscopy (FTIR) to verify 

ligand coordination and functional groups, Scanning 

Electron Microscopy-Energy Dispersive X-Ray 

Spectroscopy (SEM-EDX) to analyze surface 

morphology and elemental composition,  and BET 

Surface Area Analyzer to show that the addition of 

water in the solvent increased the surface area 

significantly, consistent with the previous findings by 

Santikasari et al. in 202022. These characterization 

results confirmed that the solvothermal synthesis 

procedure was able to produced La-MOF with the 

expected structural features.  

 

Synthesis of DGT Diffusive Layer 

In this research, the membrane layer 

components required for assembling the DGT were 

were prepared using a polyacrylamide-based matrix. 

A stock gel solution was produced by mixing 40% 

acrylamide with 1% N, N’-methylenebisacrylamide 

(MBA) as the cross-linker, forming a homogeneous 

precursor that was suitable for both the diffusive and 

binding layers. The diffusive layer was synthesized by 

combining 10 mL of gel solution with 20 μL of 

N,N,N’,N’- tetramethylethylendiamine (TEMED) as 

the polymerization accelerator and 70 μL of 10% 

ammonium persulfate as the initiator. This mixture 

was then cast into a glass mold and allowed to 

polymerize at 60 °C for 45 minutes to produce a 

mechanically stable diffusive layer.  

 

Synthesis of Binding Layer with La-MOF as A 

Binding Agent 

The preparation of the binding layer was 

prepared by following an identical polymerization 

procedure, with the addition of La-MOF powder 

dispersed evenly within the gel solution prior to 

polymerization to ensure uniform distribution of the 

binding agent throughout the polymer matrix. After 

curing, the binding layer was placed at the bottom of 

DGT mold, followed by the diffusive layer and a 

cellulose nitrate membrane positioned on top as the 

protective filter. The DGT cap was then tightened 

securely to ensure proper sealing, after which the 

assembled DGT  was deployed in dissolved reactive 

phosphate (DRP) solution for concentration 

determination. The overall preparation methodology, 

including the incorporation of binding agent La-MOF 

into polyacrylamide matrix, follows the procedure 

described by Santikasari et al. in 202016, who 

developed a La-MOF-based binding agent for DGT 

applications.  

 

Determination of Dissolved Reactive Phosphate 

(DRP) Using La-MOF DGT 
The analytical procedure for determining 

dissolved reactive phosphate (DRP) accumulated in 

the DGT device was carried out using the ammonium 

molybdate spectrophotometric method, a well-

established colorimetric technique commonly used for 

phosphate quantification in environmental samples27. 

After the deployment of the DGT device for 24 hours, 

the La-MOF binding layer was carefully removed 

from the DGT device and subjected to an elution 

process to release the accumulated phosphate into 

solution. The binding layer was immersed in 10 mL of 

HNO3 for 24 hours to ensure complete desorption of 

phosphate from the La-MOF matrix. Prior to 

spectrophotometric analysis, the eluate was 

neutralized using 1 mol L-1 of NaOH in order to 

minimize interference caused by excess acidity.  

The phosphate concentration in the eluate (Ce, 

𝜇𝑔 𝐿−1) was determined using a Shimadzu UV-Vis 

Spectrophotometer 2450 at a wavelength of 720 nm, 

corresponding to the maximum absorbance 

wavelength of the molybdenum blue complex. The 

total mass of phosphate accumulated in the binding 

layer (𝑀, 𝜇𝑔) was calculated using equation (1) 

 

𝑀 =  𝐶𝑒 × (𝑉𝐿𝑎−𝑀𝑂𝐹 + 𝑉𝐻𝑁𝑂3
+ 𝑉𝑁𝑎𝑂𝐻)/𝑓𝑒  (1) 

 

Where: 

𝑀  = mass of phosphate accumulated in the 

binding layer (𝜇𝑔) 

𝐶𝑒  = phosphate concentration in the eluate 

(μg L−1) 

𝑉𝐿𝑎−𝑀𝑂𝐹  = volume of La-MOF binding layer (2.7 ×
10−4L) 

𝑉𝐻𝑁𝑂3
 = volume of HNO3

 eluent (0.01 L) 

𝑉𝑁𝑎𝑂𝐻 = volume of NaOH solution used for 

neutralization (L) 

𝑓𝑒 = phosphate elution factor  

 

The phosphate elution factor ( 𝑓𝑒 ) was 

experimentally determined through phosphate 

recovery experiment using HNO3 concentration 

ranging from 0.025 to 1 mol L−1 . Based on the 

recovery results, an elution factor value of 0.972 was 

obtained and subsequently applied in all DGT 

calculations. This procedure follows established DGT 

analytical protocols12.   

The phosphate concentration measured by the 

DGT (𝐶𝐷𝐺𝑇) was calculated according to Fick's first 

law of diffusion using equation (2) : 
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𝐶𝐷𝐺𝑇 =
𝑀×∆𝐺

𝐷×𝐴×𝑡
     (2) 

 

Where: 

𝐶𝐷𝐺𝑇 = phosphate concentration measured by the 

DGT (μg L−1) 

𝑀  = mass of phosphate accumulated in the binding 

layer (μg) 

∆𝐺 = total diffusive layer thickness consisting of 

the APA diffusive layer and cellulose nitrate 

membrane (0.123 cm) 

𝐷 = diffusion coefficient of phosphate in the APA 

diffusive layer (2.2158 × 10−6 cm2 s−1) 

𝐴 = exposure area of the DGT device (3.14 cm2) 

𝑡 = deployment time (s) 

 

The DGT device used in this study consisted of 

a standard piston-type DGT holder containing a 

cellulose nitrate membrane, an APA diffusive layer, 

and a La-MOF binding layer. All laboratory 

deployment experiments were conducted at room 

temperature (25 ± 1 oC). The diffusion coefficient (𝐷) 

used in this research was experimentally determined 

under laboratory conditions following standard DGT 

procedures17.  

In addition, DGT performance validation was 

carried out through phosphate elution efficiency tests, 

diffusion coefficient determination, time-series uptake 

experiments, and concentration-dependent uptake 

experiments. A linear relationship between 

accumulated phosphate mass ( mol L−1 ) and 

deployment time (t) was obtained during the 24-hour 

deployment period, confirming that phosphate uptake 

followed the theoretical DGT diffusion model and that 

the binding layer behaved as an effective sink 

throughout the experiment17.  

To minimize the influence of the diffusive 

boundary layer (DBL), all laboratory experiments 

were performed under continuously stirred conditions 

to maintain stable hydrodynamic conditions around 

the DGT device. However, direct evaluation of DBL 

thickness using multiple diffusive layer thicknesses 

was not conducted in this research. Therefore, the 

influence of DBL should be considered when 

interpreting DGT-derived phosphate concentrations 

under low-flow environmental conditions.  

 

Effect of pH  and Interfering Anions on DRP 

Uptake in La-MOF-based DGT 

To evaluate how chemical conditions affect 

phosphate uptake by the La-MOF DGT, the pH and 

interfering-ion variation test were carried out. In the 

pH variation test, the DGT units were placed in 250 

mL of a 5 mg L⁻¹ phosphate solution whose pH had 

been adjusted to values between 2 and 11 using HCl 

or NaOH. Each DGT unit was submerged to 

approximately three-quarters of the solution depth in 

the glass bottle, stirred for 24 hours, and then the 

phosphate bound to the La-MOF binding layer was 

eluted using 10 mL of the optimal HNO₃ eluent, 

neutralized with 1 mol L−1 .  NaOH, and measured 

using the molybdenum blue method at 720 nm. The 

interfering-ion test followed the same procedure but 

included additional ions such as nitrate (NO₃⁻), 

carbonate (CO₃²⁻), and sulfate (SO₄²⁻) added at 0.1, 

0.2, and 0.3 mol L−1.  to the phosphate solution. After 

24 hours of deployment, the accumulated phosphate 

was eluted and analysed in the same way. These tests 

were designed to evaluate how pH and common 

anions influence the performance of the La-MOF 

DGT. 

 

3. RESULTS AND DISCUSSION 

Characterization of La-MOF 1 and La-MOF 2 by 

XRD 

Two types of lanthanum metal-organic 

frameworks (La-MOF) were synthesized using 

different solvent systems. La-MOF 1 refers to the 

material synthesized using DMF as the solvent, 

whereas La-MOF 2 refers to the material synthesized 

using a mixed DMF/water solvent system. Both La-

MOF 1 and La-MOF 2 were obtained as shiny white 

powders. X-Ray Diffraction (XRD) analysis was 

conducted to evaluate the crystallinity and phase 

characteristics of the synthesized materials. 

Figure 1a presents the XRD patterns of La-

MOF 1 and La-MOF 2, while Figure 1b presents the 

comparison between La-MOF 1, La-MOF 2, and the 

reference diffraction pattern of lanthanum 

terephthalate tetrahydrate (JCPDS No. 00-034-1984). 

La-MOF 2, which was synthesized using DMF/water, 

exhibited higher crystallinity than La-MOF 1, which 

was synthesized in DMF.  Higher crystallinity in MOF 

materials is often associated with improved structural 

order and can influence the surface area properties. 

When the diffraction patterns of La-MOF 1 and La-

MOF 2 were compared with the JCPDS reference card 

00-034-1984, both samples displayed a characteristic 

peak near 2 theta ≈ 9.55o for La-MOF 1 and 2 

theta ≈ 9.54o for La-MOF 2, corresponding to the 

typical La-MOF structure reported by Liu et al. in 

201626. 

These peaks were slightly shifted to higher 

angles relative to the reference value (2 theta =
 9.016° ), which is consistent with a reduction in 

interplanar spacing (d-spacing) caused by 

compressive lattice strain28. Such shifts are commonly 

attributed to the presence of guest molecules within 

the MOF pores and to the breathing effect, where the 

framework undergoes slight structural contraction or 

expansion. The observed shift may also be influenced 

by residual 1,4-benzenedicarboxylic acid (BDC) that 
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did not fully coordinate with La3+ ions during 

synthesis. This interpretation is consistent with Liu et 

al. in 201617 who reported that the main peak around 

2 theta  = 9,5o correspond to a La-MOF structure 

closely related to the MIL-53 framework, and that 

deviations from the ideal MIL-53 peak position can 

occur due to unreacted ligands or remaining solvent 

molecules trapped within the pores 29.  

 

 
 

Figure 1. Characterization of La-MOF: (a) XRD pattern of La-MOF 1 and La-MOF 2; (b) comparison of XRD patterns with the 

reference pattern of lanthanum terephthalate tetrahydrate (JCPDS No. 00-034-1984). 

 

Several differences in XRD peak intensity and 

secondary peak distribution were observed between 

La-MOF 1 and La-MOF 2, indicating that solvent 

composition significantly influenced crystal structure 

and framework ordering30. La-MOF 2 exhibited 

sharper and more intense diffraction peaks, suggesting 

a higher degree of crystallinity compared to La-MOF 

1. This improvement can be attributed to the presence 

of a mixed DMF/water solvent system, which 

provided a more favorable environment for crystal 

growth during solvothermal synthesis28. In particular, 

water assisted the dissolution and ionization of the 

metal precursor, while DMF promoted gradual ligand 

deprotonation and controlled nucleation31. The 

synergistic effect of DMF and water facilitated more 

uniform coordination between La3+ ions and organic 

ligands, reduced rapid precipitation, and enhanced 

framework ordering. In contrast, the use of DMF alone 

in La-MOF 1 likely resulted in less controlled crystal 

growth and lower structural regularity. Consequently, 

La-MOF 2 showed better-defined diffraction peaks 

and higher relative crystallinity. 

 

Characterization of La-MOF 1 and La-MOF 2 by 

FTIR 

The FTIR spectra of La-MOF 1 and La-MOF 2 

are presented in Figure 2. FTIR characterization is 

particularly valuable for MOF materials because it 

allows the identification of ligand coordination, 

functional groups, metal-ligand interactions, and the 

presence of residual solvent molecules. These features 

collectively provide insight into the chemical structure 

and successful formation of the framework. 

As shown in Figure 2, La-MOF 1 and La-MOF 

2 exhibited characteristic vibrational bands associated 

with the coordination between lanthanum ions and the 

organic linker BDC. The asymmetric and symmetric 

stretching modes of the carboxylate (-COO-) groups 

appeared at 1563 cm-1 and 1397 cm-1, respectively, for 

both La-MOF 1 and La-MOF 2. Importantly, the 

absence of the C=O stretching band at 1716 cm-1, 

which is typical of free, uncoordinated BDC, 

confirmed that the carboxylate groups successfully 

coordinated to the lanthanum centers in both 

synthesized materials 22.  

Additional peaks at 3059, 827, 675, and 753 cm-

1 corresponded to the aromatic C-H stretching and 

bending vibrations of the benzene ring in BDC, and 

these features appeared consistently in both La-MOF 

1 and La-MOF 2, further supporting the incorporation 

of the linker into the MOF structure32,33. Both spectra 

also display vibrational bands at 2937 cm-1 and 1660 

cm-1, attributed to the asymmetric stretching of methyl 

groups and the C=O vibration from residual DMF 

molecules34. The presence of these bands suggested 

that a small amount of DMF remained trapped within 

the pores, which is common for solvothermal 

synthesis of MOF materials. Altogether, the FTIR 

results confirmed that coordination between La3+ ions 

and BDC ligand occurred successfully in both La-

MOF 1 and La-MOF 2, while minor differences in 

peak intensity may reflect variations in crystallinity 

and residual solvent content between the two samples.  
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Figure 2. FTIR pattern of BDC, La-MOF 122, and La-MOF 2 

 

Characterization of La-MOF 1 and La-MOF 2 by 

SEM-EDX 

The morphology and elemental distribution of 

La-MOF 1 and La-MOF 2 were observed by Scanning 

Electron Microscopy (SEM) and Energy Dispersive 

X-ray Spectroscopy (EDX), as shown in Figure 3. The 

SEM images were captured at 10,000× magnification, 

where Figure 3a corresponds to La-MOF 1 and Figure 

3b corresponds to La-MOF 2. At this magnification, 

most particles of La-MOF 1 appeared in aggregate and 

exhibited a somewhat irregular needle-like shape, 

suggesting less uniform crystal growth. In contrast, 

La-MOF 2, which was synthesized using water/DMF, 

showed a more well-defined needle-like morphology 

with improved uniformity and particle regularity. 

These morphological differences indicated that 

solvent composition influenced the nucleation and 

crystal growth process during synthesis. La-MOF 2 

with DMF/water solvent system likely promoted 

slower and more controlled crystal growth, resulting 

in improved structural ordering and higher 

crystallinity, which is consistent with the XRD results 

discussed previously. 

These visual differences indicated that the 

framework quality of La-MOF 2 is superior to that of 

La-MOF 1, likely due to the influence of solvent 

choice on  nucleation and crystal growth during 

synthesis. EDX analysis further confirmed the 

elemental composition of both samples, verifying the 

presence of lanthanum (La), carbon (C), and oxygen 

(O) consistent with the designed MOF framework. As 

shown in Table 1, these elements represent the main 

constituents of the La-MOF framework. Hydrogen 

atoms originating from the BDC linker could not be 

detected by EDX due to their very low atomic mass 

and the inherent limitation of EDX analysis in 

detecting light elements. Therefore, the elemental 

composition discussion was focused on lanthanum 

(La), carbon (C), and oxygen (O). 

Table 1 showed that La-MOF 2 contained a 

substantially higher proportion of La (13.83%) and O 

(53.70%) than La-MOF 1 (3.10% La and 22.26% O). 

This compositional shift strongly suggested that La-

MOF 2 possessed a more extensive network of La-O 

coordination bonds, involving oxygen atoms from 

both the BDC ligands and residual water molecules. 

The higher La and O contents observed in La-MOF 2 

suggested a more complete coordination interaction 

between La3+ ions and carboxylate groups from the 

BDC ligands, leading to the formation of a more 

structurally ordered framework. In addition, the 

improved needle-like morphology observed in the 

SEM images may contributed to a greater surface area 

and potentially enhanced phosphate adsorption 

performance.   

In contrast, the relatively lower La and O 

percentages in La-MOF 1 may indicate incomplete 

framework formation or the presence of residual 

uncoordinated organic ligands. This observation is 

also consistent with the broader diffraction peaks 

observed in the XRD analysis, which suggested lower 

crystallinity for La-MOF 1. Therefore, the combined 

SEM-EDX and XRD results indicated that the mixed 

DMF/water solvent system produced La-MOF 

material with improved morphology, crystallinity, and 

structural integrity compared with synthesis in DMF.  
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a. La-MOF 1 b. La-MOF 2 

  
Figure 3. SEM images of La-MOF 1 (a) and La-MOF 2 (b) in 10,000× magnification 

 
Table 1. Elemental composition of La-MOF 1 and La-MOF 2 by EDX 

Percent of Element  La-MOF 1 La-MOF 2 

La 3.10 13.83 

C 74.24 32.46 

O 22.66 53.70 
 

Pore Volume and Surface Area Characterization of 

La-MOF 1 and La-MOF 2 by BET 

The specific surface area of La-MOF 2 have 

been previously reported by Santikasari et al. 22, 

whereas the present research provides additional 

characterization data related to the surface area of La-

MOF 1 and pore volume for both La-MOF 1 and La-

MOF 2 in order to further evaluate the properties of 

La-MOF 1 and La-MOF 2. As showed in Table 2, La-

MOF 2 exhibited a higher specific surface area and 

pore volume compared with La-MOF 1. These results 

indicated that the mixed DMF/water solvent system in 

La-MOF 2 significantly enhanced the porosity and 

surface development of the synthesized La-MOF 

material.  

The enhanced surface area and pore volume 

observed in La-MOF 2 may be attributed to the roles 

of water and DMF during solvothermal synthesis. The 

presence of water in a mixed solvent system can 

influence the hydrolysis process and coordination 

interaction between La3+ ions and BDC ligands, 

thereby promoting more controlled nucleation and 

crystal growth 35–37. As a result, La-MOF 2 formed a 

more open and porous framework structure with 

improved structural ordering. This interpretation is 

consistent with the SEM results, which showed that 

La-MOF 2 exhibited a more homogeneous needle-like 

morphology, as well as with the XRD results showing 

higher crystallinity compared with La-MOF 1. 

Table 2. Pore volume and surface area of La-MOF 1 and 

La-MOF 2 

MOF Pore volume 

(cc/g) 

Surface Area 

(m2/g) 

La-MOF 1 0.012 7.939 

La-MOF 2 0.090 84.957 

Similar effects of mixed-solvent systems on 

MOF porosity have been reported in several recent 

studies, in which controlled water addition acted as a 

modulator, enhancing crystal growth, pore formation, 

and structural stability38–40. Based on these 

improvements, La-MOF 2 was selected as the 

optimized material for incorporation into the DGT 

binding layer, as its higher surface area and porosity 

are advantageous for enhancing phosphate uptake 

capacity and diffusion-limited performance.  

 

Effect of solution pH on phosphate removal by 

La-MOF DGT 
Orthophosphate in aqueous systems exists as 

multiple species such as H3PO4, H2PO4
-, HPO4

2-, and 

PO4
3-, whose distribution is strongly governed by the 

pH of the solution41. As showed in Figure 4, 

phosphate speciation changes systematically with 

increasing pH due to stepwise deprotonation of 

phosphoric acid. Under very acidic conditions (pH < 

2), phosphate predominantly exists as neutral 

phosphoric acid (H3PO4). As the pH increases to 
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approximately pH 2-7, the first dissociation of 

phosphoric acid occurs, resulting in the formation of 

dihydrogen phosphate (H2PO4
-), which becomes the 

dominant phosphate species within this pH range. 

Near neutral pH, particularly around pH 6-7, both 

H2PO4
- and HPO4

2- coexist in significant proportions 

due to the second dissociation equilibrium. Under 

more alkaline conditions, around pH 7-12, HPO4
2- 

gradually becomes the predominant phosphate 

species. Under strongly alkaline conditions (pH > 12), 

phosphate mainly exists as phosphate ions (PO4
3-) 

following further deprotonation 41.  

 

 
Figure. 4 Phospate speciation at any pH42 

 

The transition among phosphate species 

significantly influences phosphate behavior in 

aqueous systems because each species possesses 

different charges, protonation states, and interaction 

capabilities toward adsorption sites. Changes in 

phosphate speciation may therefore alter the affinity of 

phosphate toward the La-MOF binding layer, 

ultimately affecting phosphate accumulation within 

the DGT system. In addition, pH not only controls 

phosphate speciation but also influences the surface 

charge of the La-MOF binding layer and the 

interaction between phosphate species and the active 

adsorption sites of the binding agent. Consequently, 

phosphate uptake by La-MOF DGT strongly depends 

on the prevailing phosphate species under specific pH 

conditions, making evaluation of pH effects essential 

for understanding the adsorption performance of the 

La-MOF-based DGT system. 

To investigate this effect, phosphate solutions 

were adjusted to pH values ranging from 2 to 11 using 

HCl and NaOH. The La-MOF DGT devices were then 

deployed in 250 mL phosphate solution (5 mg L⁻¹) for 

24 h, after which phosphate uptake was evaluated 

using the CDGT/CInitial ratio. A ratio greater than 1 

indicates that the amount of orthophosphate 

accumulated by the DGT binding layer exceeded the 

amount expected from the initial solution 

concentration, reflecting efficient phosphate uptake 

under the corresponding pH condition43. 

 
Figure. 5 Effect of pH on DRP uptake of La-MOF DGT 

Figure 5 Illustrated the relationship between 

solution pH  (x-axis) and the phosphate uptake 

efficiency, expressed as CDGT/CInitial (y-axis). The 

results showed that the La-MOF DGT exhibits 

selective affinity for H2PO4
-, consistent with the higher 

uptake across pH 4-7. This observation aligns with 

established speciation chemistry in Figure 4, where 

H2PO4
- dominates under mildly acidic to neutral 

conditions42. Moreover, changes in solution pH before 

and after deployment were negligible, indicating that 

the uptake mechanism is unlikely to be dominated by 

electrostatic binding, which typically alters solution 

pH through release or consumption. Instead, the 

findings suggest that the mechanism involves physical 

adsorption and ligand-exchange interactions between 

phosphate and La-MOF functional sites. Similar pH-

dependent adsorption trends have been reported for 

phosphate removal using other MOF and adsorbent 

systems, where maximum adsorption occurs under 

conditions where H2PO4
- is the dominant species. For 

example, in La@ZIF-8 composites, the adsorption 

capacity peaked around neutral pH values, which was 

attributed to dominant H2PO4
- interactions, whereas 

adsorption declined under acidic or alkaline conditions 

due to changes in speciation and surface charge 

effects44. 

At pH values above 7, the uptake ratio declined 

sharply as H2PO4
-2 and PO4

3- became more abundant. 

These higher-valent phosphate species are less 

effectively captured by La-MOF binding sites, mostly 

due to changes in both electrostatic interactions and 

steric effects that diminish favorable adsorption. This 

trend is consistent with general phosphate adsorption 

behavior, where species with higher negative charge 

(such as H2PO4
2- and PO4

3-) are often less efficiently 

adsorbed unless specific inner-sphere complexation 

mechanisms dominate45. 

Changes in solution pH before and after 

deployment were minimal, suggesting that 

electrostatic binding alone is not the primary 

mechanism governing phosphate uptake in DGT 

systems. If electrostatic attraction between La3+ and 
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PO4
3- were dominant, one would expect higher uptake 

at high pH values where PO4
3- prevalence increases. 

Instead, the observed decline in uptake at elevated pH 

indicates that ligand exchange and physical adsorption 

interactions, particularly with the H2PO4
- species, are 

more critical for effective binding in the La-MOF 

DGT. These results align with literature describing 

pH-dependent adsorption mechanisms in MOF and 

other adsorbents, where ligand exchange and inner-

sphere complexation often control performance across 

pH ranges26,46. 

Altogether, these findings demonstrate that La-

MOF DGT exhibits selective affinity for H2PO4
-, with 

optimal uptake under mildly acidic to neutral pH 

conditions (4-7), which is consistent with phosphate 

speciation behavior. This pH-dependent uptake profile 

has important implications for environmental 

monitoring, highlighting the need to consider solution 

pH and dominant phosphate species when interpreting 

DGT measurements in complex water matrices.  

 
Effect of anion interferences in solution on 

phosphate removal by La-MOF DGT 

The influence of coexisting anions on 

orthophosphate uptake by the La-MOF DGT system 

was evaluated using three commonly occurring anions 

in natural waters, such as nitrate (NO3
-), carbonate 

(CO3
2-), and sulfate (SO4

2-)26. These anions are known 

to compete with phosphate for adsorption sites in 

metal-based adsorbents and can cause significant 

measurement bias in DGT-based phosphate 

assessments. To systematically investigate this effect, 

each interfering ion was added to 250 mL of 5 ppm 

phosphate solution at increasing concentration from 

0.1 to 0.3 mol L−1 . The resulting phosphate uptake 

was expressed as the ratio CDGT/CInitial, where a value 

greater than 1 indicates enhanced uptake relative to the 

initial concentration, and values below 1 indicate 

inhibition. 

Figure 6 illustrates the relationship between 

interfering ion concentration (x-axis) and the 

phosphate uptake efficiency, expressed as CDGT/CInitial 

(y-axis). As the concentration of interfering ions 

increases, shifts in phosphate uptake become apparent, 

allowing their competitive behavior to be compared 

directly. A clear trend emerged in the presence of 

nitrate (NO3
-), even at the lowest concentration tested 

(0.1 mol L−1 ), NO3
- caused a sharp decrease in 

CDGT/CInitial to approximately 0.6, indicating strong 

suppression of phosphate accumulation by La-MOF. 

Notably, further increases in nitrate concentration did 

not produce substantial additional inhibition, 

suggesting that NO3
- effectively saturates competitive 

binding at a low concentration. In contrast, carbonate 

(CO3
2-) and sulfate (SO4

2-) showed a more gradual, 

concentration-dependent decrease in CDGT/CInitial, as 

their concentration increases from 0.1 M to 0.3 M, 

phosphate uptake is progressively inhibited, although 

the magnitude of the effect remains lower than that of 

nitrate (NO3
-) at equivalent concentrations. 

 
 

Figure 6. Effects of anion interferences on DRP uptake of 

La-MOF DGT 

Although carbonate (CO3
2-) is theoretically 

expected to exhibit a strong affinity toward La³⁺ sites 

based on Hard and Soft Acid-Base (HSAB) 

interactions, the research results showed that nitrate 

(NO3
-) caused greater inhibition under the investigated 

conditions. This observation differs from several 

previous studies on lanthanum-based phosphate 

adsorbents, where carbonate (CO3
2-) has often been 

reported as a stronger competing ion due to its high 

affinity toward lanthanum active sites 23–25. Therefore, 

the competitive behavior observed in the present study 

may not be governed solely by thermodynamic 

adsorption affinity.  

One possible explanation is that diffusion and 

transport processes within the DGT configuration also 

contributed to the observed uptake behavior. Nitrate 

ions (NO3
-) possessed smaller hydrated radii and 

higher mobility in aqueous solution compared with 

carbonate (CO3
2-) and sulfate (SO4

2-) ions, which may 

facilitate faster diffusion through the diffusive layer 

and more rapid occupation of accessible adsorption 

regions near the La-MOF surface 17. In contrast, 

carbonate (CO3
2-)  and sulfate (SO4

2-) ions may diffuse 

more slowly due to their larger hydrated structures and 

stronger hydration shells, potentially limiting their 

diffusion rates within the DGT system.  However, this 

interpretation remains speculative because diffusion 

kinetics and ion transport behavior were not directly 

evaluated in this research. Therefore, additional 

investigations involving kinetic adsorption studies of 

diffussion controlled transport experiments are 

necessary to clarify the dominant mechanism 

responsible for anion interference in the La-MOF 

DGT.  

Interestingly, at 0.1 mol L−1  sulfate (SO4
2-), the 

CDGT/CInitial value reached up to 1.48, suggesting that 

sulfate (SO4
2-) produced only limited interference 

under low-concentration conditions. However, 
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increasing sulfate concentration gradually reduced 

phosphate uptake efficiency, indicating increasing 

competition for adsorption sites. Overall, the 

competitive effect observed in this study followed the 

order: nitrate (NO3
-) > carbonate (CO3

2-) > sulfate 

(SO4
2-). These results suggest that phosphate uptake in 

the La-MOF DGT is influenced not only by 

thermodynamic adsorption affinity but also by ion 

mobility.  

Comparable trends have been reported in earlier 

work using ferrihydrite-based DGT by Maimulyanti et 

al. in 2018, 47, where nitrate caused the most 

significant reduction in phosphate accumulation, 

followed by sulfate and carbonate. This reinforces the 

interpretation that diffusion-driven competition may 

play an important role in DGT systems beyond 

thermodynamic considerations alone. Overall, the 

results demonstrate that interfering anions can 

substantially affect the performance of La-MOF DGT, 

with nitrate exhibiting the strongest inhibitory effect 

even at low concentrations. Therefore, the competitive 

behavior of these anions should be carefully 

considered when applying La-MOF DGT for 

phosphate monitoring in waters containing high levels 

of nitrate (NO3
-), carbonate (CO3

2-), or sulfate   (SO4
2-

). 

4. CONCLUSIONS  

In this research, La-MOF synthesized using a 

mixed DMF/water solvent system (La-MOF 2) 

exhibited higher surface area, larger pore volume, and 

improved crystallinity compared to La-MOF 

synthesized using DMF (La-MOF 1), indicating that 

solvent composition significantly influenced the 

physicochemical properties of La-MOF. La-MOF 2 

was then applied as the binding agent for binding layer 

of DGT system for in situ phosphate adsorption. 

Evaluation of the pH effect showed that phosphate 

uptake by the La-MOF DGT system strongly 

depended on solution pH, with optimum uptake 

observed at pH 4-7, particularly around pH  6, 

corresponding to the predominance of H2PO4
- species. 

In addition, the presence of competing anions 

influenced phosphate accumulation. The competitive 

effect followed the order: nitrate (NO3
-) > carbonate 

(CO3
2-) > sulfate (SO4

-2) under the experimental 

conditions investigated. Overall, these results 

demonstrate the potential applicability of La-MOF 

DGT for phosphate monitoring in aquatic 

environments under varying chemical conditions.  
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