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a b s t r a c t 

An adsorbent was introduced for the diazinon (DIZ) adsorption and removal from real samples. A mix- 

ture of the activated metal-organic framework (MOF) and a binder was used as an efficient adsorbent. 

Tetra(4-Sodium sulfonatophenyl)porphyrin was used as a complexing agent to investigate the spectrum of 

DIZ in Ultraviolet–visible spectroscopy (UV–Vis). The structural properties of the prepared adsorbent were 

studied by FT-IR, SEM, XRD, TGA, 31 P NMR, and BET methods. To achieve the best efficiency of the DIZ 

adsorption and removal by the active-shaped Metal-Organic Framework (AE-MOF UiO-66), various prac- 

tical factors such as pH effect, amount of adsorbent, contact time, and the concentration of the solution 

specimen were optimized. Under optimized conditions, the linear dynamic range for DIZ determination 

was 10–500 ng/mL with a limit of detection (LOD) of 2.5 ng/mL. The relative standard deviations (RSD%, 

n = 5) was 3% for the determination of 30.4 ng/mL of DIZ. The study of the adsorption kinetics demon- 

strated that the rate of DIZ adsorption by AE-MOF UiO-66 correlates well with the pseudo-second-order 

model. The monolayer adsorption of the DIZ molecules on the AE-MOF UiO-66 surface fits well with the 

Langmuir isotherm model. A green AE-MOF UiO-66-based adsorbent with a high adsorption capacity was 

developed for DIZ adsorption and removal from the real specimens. 

© 2021 Published by Elsevier B.V. 
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. Introduction 

Nowadays, pesticides are widely used to eliminate pests from 

gricultural products. Unfortunately, published reports represent 

he improper use of pesticides by farmers [1] . Therefore, a mas- 

ive amount of pesticides are left unused in natural ecosystems. 

rganophosphorous pesticides (OPPs) are widely utilized as insec- 

icides to enhance farming crops [2] . Also, these pesticides are al- 

ost inexpensive and have a significant killing effect on different 

ypes of pests [3] . They can be absorbed by aspiration, ingestion, 

nd direct contact with the skin, thus has harmful impacts on ma- 

ine, earthly species, and humans living around them. OPPs ham- 

er acetylcholinesterase in the nervous system of humans, causing 

espiratory, myocardial, and neuromuscular disorders [4] . The en- 

ry of OPPs residues in agricultural lands into the groundwaters 

nd agricultural products and foodstuffs can create health prob- 

ems for consumers [5] . Diazinon (DIZ) is an insecticide usually uti- 

ized in farming and land management for controlling insects. The 
∗ Corresponding author. 

E-mail address: k_anbaz@yahoo.com (K. Adib). 
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orld Health Organization (WHO) has declared the critical toxic- 

ty level of 300 mg/kg with moderate risk (class 2), and a proba- 

le carcinogenic effect for DIZ [6] . The approved pesticides dose in 

ater is about 0.5–0.1 ng/mL [7] . The inhibitory effect of DIZ on 

he activity of the enzyme acetylcholinesterase causes the abnor- 

al increment of the acetylcholine (a neurotransmitter) within the 

ervous system resulting in the death of insects. The drastic in- 

estinal torsion, asthma, vision blurriness, migraine, diarrhea, high 

lood pressure, coma, neuropsychiatric complications such as de- 

ression and memory loss, peripheral nervous system diseases, and 

ensitivity to particular chemical substances are some toxic signs 

f DIZ [8] . Therefore, exposure to this substance for a long time 

ill be very risky for humans. Hence, efficient decontamination of 

PPs, as well as their accurate detection is a critical urgency. Some 

rganophosphates were detected by UV–Vis spectroscopy with the 

id of complexing agents. The absorbance shift in the UV–Vis spec- 

rum of the Tetra(4-Sodium sulfonatophenyl)porphyrin-based lig- 

nds upon interacting with DIZ was utilized for DIZ detection [9] . 

ence, the OPPs determination and reduction of their environ- 

ental impacts have become a universal necessity. Various proce- 

ures have been considered for impressive removal of OPPs from 

ontaminated samples, including electrochemical degradation [10] , 

https://doi.org/10.1016/j.molstruc.2021.130607
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130607&domain=pdf
mailto:k_anbaz@yahoo.com
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dsorption and separation methods [11-14] , enzymatic biodegra- 

ation [15] , and photocatalysis [16] . Between them, the adsorp- 

ion technique is considered as a competitive method regarding 

ts simple and economical operation. Hence, designing newfound 

orbents with substantial adsorption capacity to remove persistent 

PPs from the environment is a challenge [17] . DIZ is an OPP that

ts removal from the natural environment requires sample prepa- 

ation [18] . Principally, the removal methods of pesticides should 

ot cause environmental pollution; hence green chemistry meth- 

ds have been noticed. Green chemistry principles are focused on 

iminishing solvent consumption, employing organic solvent-free 

ethods, miniaturization of strategies, and utilization of the in- 

igenous adsorbents that are renewable and safe biomaterials [19- 

1] . 

Over the past decade, metal-organic frameworks (MOFs) have 

een developed [22-24] as a novel class of eco-friendly solid sor- 

ents [25] . In contrast to prevalent solid adsorbents such as zeo- 

ites [26] , activated carbon [27] , and silica-based materials [ 28 , 29 ],

etal-organic frameworks with versatile framework compositions, 

unable pore sizes, attainable active sites, and thermal and chem- 

cal resistance [30-33] are a suitable option for removal of toxic, 

azardous substances such as OPPs [34] . 

Due to the powdery state, most MOFs are very soft and sticky, 

hich makes difficult their transfer, separation, and recovery from 

he contaminated samples, and thus diminishes their adsorption 

apacity. It is important to overcome these limitations while the 

dsorption capacity of MOFs retained unchanged. These problems 

an be eliminated with the appropriate shaping and activation of 

he adsorbent materials. Adsorbent shaping with proper particle 

imension and density is noteworthy [35] . In addition, eliminat- 

ng guest molecules from the framework while maintaining struc- 

ural integrity leaves a lot of porosity (i.e., “activation”) [36-38] . Al- 

hough there are many reports on the effect of forming conditions 

n adsorbent performance, few studies have been reported focus- 

ng on the shape effect on the adsorption capacity. Considering the 

ack of any report concerning DIZ removal utilizing active-shaped 

iO-66-based metal-organic frameworks (AE-MOF UiO-66), high- 

erformance procedure was developed for the DIZ removal from 

he real specimens. 

. Experimental 

.1. Chemical materials 

DIZ was received from the Ministry of Agriculture (the Agricul- 

ural Support Services Co., Tehran, Iran). A 300 mg/L DIZ solution 

as prepared by dissolving a proper amount of DIZ in methanol 

nd doubly distilled water (DDW, 18 M Ω .cm). Dimethylformamide, 

yclohexane, porphyrin, terephthalic acid, nitrocellulose, castor oil, 

irconium chloride, and all other chemicals were purchased from 

erck Co. (Darmstadt, Germany) with analytical grade. The DIZ so- 

utions with given concentrations were prepared simply by diluting 

ts standard solution. The buffer solutions based on NaH 2 PO 4 and 

 3 PO 4 were prepared, and their pH adjustment was carried out 

sing 0.1 M HCl or NaOH solutions. 

.2. Instruments 

Ultraviolet-Visible (UV–Vis) spectroscopy tests were done us- 

ng UV–Vis spectroscopy of Perkin Elmer Company (Lambda 45). 

ourier transform infrared (FT-IR) spectra (40 0 0–40 0) were ob- 

ained by an FT-IR spectrometer of Perkin Elmer Company (Spec- 

rum 100). The 31 P NMR spectra were recorded at room temper- 

ture in D 2 O on a Bruker AVANCE 300-MHz instrument (Bruker, 

ermany). Furthermore, the crystalline structure was determined 

sing XRD analysis (X’PertPRO; PANa-lytical). Specific surface area 
2 
nd pore volume were estimated utilizing the BET (MicroActive 

or TriStar II plus Version 2.03). A ZEISS Supra 40 SEM with 

EG (Field Emission Gun) emitter operating at 10 kV was uti- 

ized for the morphology evaluation. Thermogravimetric tests were 

erformed using a thermogravimetry analyzer (TGA, TGD-9800, 

dvance Riko, Japan). A Metrohm 781 pH, Ion meter (Herisau, 

witzerland) equipped with a glass electrode was used to mea- 

ure the solution’s pH. The two-phase separation was conducted by 

entrifuging (EBA20, Andreas Hettich GmbH& Co. KG, Zentrifugen, 

ermany). An AquaMax system (Young- Lin, Korea) was employed 

o collect deionized water. 

.3. Synthesis and activation of MOF UiO-66 

A 40 mL DMF solution containing 0.581 g terephthalic acid and 

.815 g ZrCl 4 was transferred into an autoclave lined with Teflon 

nd heated at 120 °C for one day. The resulted product was col- 

ected by 10 min centrifuging of the reaction solution at 70 0 0 rpm 

nd then heated at 100 °C for 120 min [39] . The obtained powder

as dispersed in methanol and leave it for three days. Then, the 

rocess was followed by cyclohexane addition and freezing the re- 

ction mixture at 0 °C, after which the sample was left under am- 

ient conditions. This procedure was subsequently repeated sev- 

ral times, and the sample was finally frozen under vacuum. The 

oxhlet extraction was carried out for two days to purify the col- 

ected white powder, after which it dried at 120 °C for one day. 

his product was named activated MOF UiO-66. 

.4. Shaping by extrusion 

A sample containing nitrocellulose and castor oil mixture in a 

roportion of 80:20 was prepared. Then, the prepared sample was 

urther mixed with ethyl acetate in a proportion of 15:85, which 

ed to the appearance of an orange color fluid. This composition 

as employed as a binder to extrude MOF UiO-66. 0.8 g of acti- 

ated MOF UiO-66 was placed in a 50 mL beaker, and 0.2 g of the

repared binder was added to it. All chemicals were thoroughly 

ixed and plasticized for 10 min at room temperature. The pre- 

ared paste contained 80% (w/v) of the activated UiO-66 MOF and 

0% (w/v) of the nitrocellulose-castor oil-ethyl acetate mixture as 

he binder. The shaping was done by a syringe (nozzle diame- 

er = 0.1 mm). The extruded lines, approximately 100 mm long, 

ere dried for one day at ambient conditions and then were cut 

nto 0.2 mm cylinders (Hereafter referred to as extrude). The final 

roduct was named AE-MOF UiO-66. 

.5. Adsorption evaluation 

The DIZ adsorption on the AE-MOF UiO-66 was evaluated in 

he real samples using the batch method. The DIZ complexion with 

etra(4-Sodium sulfonatophenyl)porphyrin has been used to study 

he UV–Vis spectrum of DIZ. The molecular structure of DIZ and 

etra(4-Sodium sulfonatophenyl)porphyrin was shown in Fig. S1a. 

his section was performed in a 25 mL beaker under room tem- 

erature, which with help of a temperature-controlled water bath, 

he condition was kept constant. Here, 75 mg of AE-MOF UiO- 

6 was dispersed in 10 mL DIZ aqueous solution (0.0304 g/L or 

.1 mM). The adsorption variables, including the AE-MOF UiO-66 

mount, ionic strength and pH of the solution, contact time, the 

IZ concentration, were optimized. Also, the solid phase separa- 

ion from the solution was very easy. Briefly, 5 min of centrifuga- 

ion at 3500 rpm was used to ensure complete separation, and at 

he end, the adsorbent was completely separated from the solution 

ithout any observable physical change. (Fig. S1b). In the follow- 

ng, 1 mL Tetra(4-Sodium sulfonatophenyl)porphyrin (2 mM) was 
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dded to the aqueous phase to start the complex formation reac- 

ion. Then, the DIZ concentration in maximum absorbance wave- 

ength ( λmax = 438 nm) was determined by a UV–Vis spectropho- 

ometer. The DIZ concentration in solution alone or in the pres- 

nce of adsorbents was measured before and after 15 min stir- 

ing (Fig. S2). Three measurements were made for each sample, 

nd the results were averaged. Finally, AE-MOF UiO-66 was studied 

y infrared spectroscopy and 

31 P-NMR. The DIZ concentration in 

he supernatant solution was measured, and the adsorption yield 

as calculated for each DIZ concentration at equilibrium by using 

q. (1) . 

E% = 

[(
A i − A f 

)
/ A i 

]
× 100 (1) 

Where AE% is the adsorption efficiency. A i and A f were the pri- 

ary and final adsorption of DIZ in the solution, respectively. The 

dsorption capacity was estimated according to the Eq. (2) : 

 e = ( C 0 − C e ) V/m (2) 

Here, q e is the adsorption capacity in mg/g. C 0 and C e are the 

nitial and final concentrations (mg/L) of the analyte, respectively. 

 and m are the volume of the sample solution (L) and sorbent 

eight (g), respectively. The sorption capacity (q e ) of AE-MOF UiO- 

6 for DIZ was obtained equal to 0.38 mmol/g. 

.6. Kinetics of adsorption 

The adsorption dose on the surface of a heterogeneous sorbent 

s a function of time (t) can be estimated by the pseudo-first-order 

odel [40] , Eq. (3) , and the real interaction between the sorbent 

nd target analyte can be evaluated by the pseudo-second-order 

odel in which the rate-controlling step is related to a chemical 

dsorption process [41] , Eq. (4) . 

og ( q e − q t ) = Log q e − ( k 1 / 2 . 303 ) t (3) 

/ q t = 1 / k 2 q e 
2 + ( 1 / q e ) t (4) 

here q e and q t are the analyte amount (mg/g) adsorbed on the 

dsorbent surface at the equilibrium and at any time, t (min), 

espectively, and k 1 and k 2 are the equilibrium rate constants 

f the pseudo-first-order adsorption and pseudo-second-order ad- 

orption, respectively. 

.7. Adsorption isotherm 

Valuable data about the DIZ adsorption capacity of the AE-MOF 

IO-66 was obtained by evaluating the adsorption isotherms. The 

inear and nonlinear forms of Langmuir, Freundlich, and Redlich- 

eterson isotherm models were applied to correlate experimental 

dsorption data [ 42 , 43 ]. Monolayer adsorption on a homogeneous 

urface is described by the Langmuir model, Eqs. (5) and (6) , while 

he Freundlich model characterizes the adsorption reversibility on 

 heterogeneous surface, Eqs. (7) and (8) , 

 e / q e = 1 / q m 

K a + C e / q m 

(5) 

 e = q m 

K a C e / 1 + K a C e (6) 

og q e = Log K f + 1 /nLog C e (7) 

 e = K f C e 
1 /n (8) 

The Redlich-Peterson isotherm is a comprehensive equation 

ith K R , αR , and g parameters that can be considered as a com- 

ination of the Langmuir and the Freundlich isotherms aspects. It 
3 
llustrates the adsorption equilibrium over a broad range of adsor- 

ate concentrations [44] . The g value varies in the range of 0 to 

. In g = 1, the Redlich–Peterson equation turns into the Langmuir 

quation, while it turns into Henry’s law if g = 0. This model is 

ormulated as follows: 

n ( K R C e / q e − 1 ) = gLn ( C e ) + Ln ( a R ) (9) 

 e = K R C e / 1 + a R C e 
g (10) 

Moreover, the Temkin isotherm model, Eq. (11) , can describe 

he adsorption capacity by the adsorbent given the hypothesis that 

he adsorption heat decreases linearly rather than logarithmically 

45] , as proposed in the Freundlich equation [46] . 

 e = RT / b T Ln ( A T C e ) (11) 

here q e equal to the value of target compound adsorbed (mg/g) 

t equilibrium, C e refers to the analyte concentration in solution 

mg/L) at equilibrium, q m 

is the maximum adsorption amount 

mg/g), k a is the Langmuir constant revealing the affinity of the 

inding sites as well as adsorption energy (L/g), k F is the Fre- 

ndlich constant (mg/g)(L/mg) 1/n relating to the binding capacity, 

/n is Freundlich coefficient or heterogeneity coefficient indicating 

he deflection from linear adsorption, K R , αR , and g (0 < g < 1)

re isotherm constants, A T is the equilibrium binding constant rep- 

esenting the maximum value of binding energy (L/g), b T is the 

emkin constant corresponding the adsorption heat (kJ/mol), R is 

he universal gas constant (8.314 J/mol/K), and T is the absolute 

emperature (K). 

.8. Real specimens preparation 

The water specimens of tap and river were collected from our 

aboratory (IHU, Tehran, Iran) and Jajrood (Latyan Dam, 10 km 

ortheast of Tehran, Iran), respectively, and filtered using a mem- 

rane filter that pore size was 0.45-micron. The tomato and ap- 

le samples were obtained from a local shop (Hakimiyeh, Tehran, 

ran). After filtration, the collected juice of tomato and apple sam- 

les was centrifuged at 40 0 0 rpm for 20 min. To achieve higher 

ecovery and to overcome the high viscosity problems of the col- 

ected samples, they were diluted up to 5 fold. Also, in the case 

f fresh tomato and apple juices, to improve the recovery percent- 

ges, the samples were treated by the addition of 500 μL acetone 

ollowed by centrifugation at 40 0 0 rpm for 20 min [ 20 , 47 ]. The

ltered supernatant, through a 0.45 μm membrane, was used for 

IZ analysis under optimized conditions. Here, 2 mL of prepared 

eal specimens were added to 8 mL of phosphate buffer solution 

pH = 7, 0.01 M). Then, the pH of the final samples was adjusted 

ith HCl (0.1 M) and NaOH (0.1 M) solutions, then employed for 

nalysis steps. 

. Results and discussion 

.1. Characterization of MOF UiO-66 and DIZ /MOF 

Fig. 1 presents the SEM images of the pure and extruded MOF 

iO-66. A minor difference appeared between the surface mor- 

hology of the untreated and extruded samples. The extrusion pro- 

ess creates some pores in the MOF UiO-66 structures and changes 

lightly its porous structure, Fig 1 b. Meanwhile, the macropore fea- 

ure of the sample was retained after extrusion. 

The crystalline properties and the XRD spectra of MOF UiO-66 

nd AE-MOF UiO-66 were evaluated by the XRD analysis. XRD pat- 

erns of untreated and extruded MOF UiO-66 matched well with 

he XRD spectra of the simulated sample with the appearance of 

hree distinct peaks in 2 θ = 7.5, 8.5, and 26 [48] . As a result, it
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Fig. 1. (a) The SEM images of the MOF UiO-66 (b) AE-MOF UiO-66. (c) X-ray diffraction patterns of the (A) simulated, (B) MOF UiO-66, (C) AE-MOF UiO-66 and (D) AE-MOF 

UiO-66 of after adsorption. 

Table 1 

SBET, SBJH, DBJH, and V for MOF UiO-66. 

Sample S BET (m 

2 /g) S BJH (m 

2 /g) D BJH (nm) V(cm 

3 /g) (p/p0 = 0.99) 

MOF UiO-66 1201.3 1136.9 1.95 0.58 

AE-MOF UiO-66 710.1 685.2 2.87 0.16 
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as revealed that the extrusion process didn’t change the adsor- 

ent structure crystallographically ( Fig. 1 c). To confirm the success- 

ul adsorption of DIZ on the AE-MOF UiO-66, the 31 P NMR spec- 

ra of the AE-MOF UiO-66 before and after DIZ (30.4 μg/L) adsorp- 

ion were recorded (Fig. S3). An intense signal appeared at 30 ppm, 

riginated from DIZ molecules revealing that AE-MOF UiO-66 can 

ffectively adsorb DIZ molecules. Furthermore, the size and vol- 

me of the pores in the prepared MOFs, besides their specific sur- 

ace area, were determined by BET procedure in which the ul- 

rapure nitrogen adsorption of MOFs was evaluated by a Quan- 

achrome NOVA 10 0 0 series analyzer at 77 K. The acquired data 

ere listed in Table 1 . The pore diameters of 1.95 nm and 2.87 nm

nd pore volumes of 0.58 cm 

3 /g and 0.16 cm 

3 /g were estimated 

or MOF UIO-66 and AE-MOF UiO-66 samples, respectively. The 

igh porosity and consequently the high adsorption capacity of 

repared MOFs are beneficial for DIZ removal from real samples. 

Fig. S4 demonstrates the weight-loss profiles of MOF UIO-66 

ith two distinguish weight loss regions. The observed weight-loss 
i

4 
n the range of 75 °C to 125 °C was related to removing adsorbed 

ater on the MOF UiO-66 surface. The second region weight re- 

uction occurred between 500 °C and 600 °C as the result of MOF 

iO-66 decomposition to ZrO 2 [49] . From 600 °C to 800 °C, no 

lear weight loss was observed in the TG plot, supporting the for- 

ation of ZrO 2 that its higher thermal stability is evident. In this 

tudy, the temperature used for UiO-66 is much lower than the 

hermal stability reported up to 480 °C. The observed higher ther- 

al stability of the prepared UIO-66-based MOFs is probable re- 

ulted from solvent exchange process, which removed more DMF 

nd nonbonding terephthalic acid from the porous structure of the 

roduct. 

.2. Optimization of the procedure conditions 

Different factors affecting the developed adsorption procedure, 

ncluding sample pH, sorbent amount, contact time, salt effect, and 
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Fig. 2. Assessment of the pH effect on the adsorption and removal of DIZ by the 

AE-MOF UiO-66. Adsorption conditions: 10 mL sample, 0.0304 g/L DIZ in phosphate 

buffer (0.01 M); 20 min contact time, 50 mg adsorbent, 2.5% (w/v) salt. 
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Table 2 

Isotherm parameters and calculated correlation coefficients. 

Model Parameters Values 

Langmuir Q m (mg/g) 4.4 

K L (L/mg) 0.2 

R 2 0.99 

Freundlich n 1.06 

K F (mg.g) 0.91 

g 0.95 

Redlich–

Peterson 

αR 7.22 

R 2 0.65 

Temkin 2.45 K T 
0.45 R 2 
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rimary sample concentration, were studied. DIZ aqueous solutions 

ith 0.1 M concentration were used for optimization tests. 

.2.1. pH influence 

Considering that the pH of the solution is effective in the ad- 

orption performance, the adsorption of 0.1 mM DIZ (0.0304 g/L) 

rom solution with various pH amounts was examined. The buffer 

olutions prepared by phosphoric acid and its related salts (pH 

ange of 3 to 11) with a total concentration of 0.1 M was employed

n this test. DIZ solutions (10 mL) were passed through a column 

onsisting of 0.05 g adsorbent, after which the DIZ concentration 

as determined after the adsorption process occurred ( Fig. 2 ). An 

nhancement in DIZ removal was observed by increasing the pH 

rom 3 to 7, while the removal efficiency decreased with further 

H increment. As a result, the pH = 7 was selected as an optimum

alue for further works in the next steps. 

.2.2. Effect of the sorbent dose 

The influence of the sorbent dose (10 to 100 mg) on the adsorp- 

ion efficiency of DIZ from a 10 mL sample solution with 0.1 mM 

0.0304 g/L) concentration was evaluated that showed an enhance- 

ent in the DIZ adsorption following the increment of the sorbent 

mount (Fig. S5). The increment of sorbent amount in the men- 

ioned dose range led to providing more accessible sorption sites. 

he maximum DIZ removal was occurred when 0.075 g sorbent 

as used. Since no further enhancement in removal was achieved 

bove 0.075 g, this value was selected as the optimum adsorbent 

ose in further experiments. 

.2.3. DIZ concentration effect 

The influence of the primary concentration of DIZ on the ad- 

orption process was studied for concentrations of 0.007–0.042 g/L 

tilizing a constant weight of AE-MOF UiO-66. A higher percentage 

f DIZ removal was observed at lower concentrations (Fig. S6). No- 

ably, the decrease in AE%, with the C 0 increment reveals the effect 

f the mass transfer as a driving force. 

.2.4. Influence of the contact time 

Considering that adsorption occurs under the mass transfer 

henomenon, the contact time of the analyte solution with sorbent 

ill affect the removal efficiency. The role of contact time on the 

IZ removal by AE-MOF UiO-66 was examined, and results were 

lotted in Fig. S7. The value of DIZ removal by AE-MOF UiO-66 was 

nitially enhanced by increasing time up to 30 min, and after that 
5 
emained unchanged. The amount of DIZ adsorption at the time of 

quilibrium indicates the maximum capacity of the sorbent under 

he operational situation. Fig. S8 demonstrates the incredible im- 

act of the contact time on the DIZ adsorption efficiency. Accord- 

ng to the results, the 30 min contact time was chosen for further 

ests. 

.2.5. Impact of salt 

For many organic analytes, it has been observed that the ad- 

orption yield is improved by increasing the ionic strength and 

onsequently lowering their solubility in the aqueous solution 

salting-out effect). Meantime, the sample ionic strength has an in- 

erse impact and decreases the adsorption efficiency due to vari- 

tion of density and solubility parameters. The effect of the NaCl 

oncentration (0 to 10% (w/v) on the DIZ extraction efficiency was 

valuated (Fig. S8). The DIZ removal was increased by increas- 

ng NaCl concentration up to 2.5% (w/v). Further salt addition de- 

reased the DIZ removal; hence the developed method is applica- 

le for a solution with a maximum 2.5% (w/v) salt content. 

.3. Kinetics of adsorption 

The kinetic of DIZ removal from a solution with the primary 

oncentration of 0.1 mM (0.0304 g/L), at pH 7 and ambient tem- 

erature using 0.075 mg/mL AE-MOF UiO-66 adsorbent was stud- 

ed using the pseudo-first-order and pseudo-second-order models. 

he plots of log (q e - q t ) as a function of time showed a weak lin-

ar relationship with low R 

2 ( Fig. 3 , Table S1). It was revealed that

IZ adsorption on AE-MOF UiO-66 does not obey the pseudo-first- 

rder model. On the other hand, a high correlation was observed 

etween t/q t and time, confirming that experimental data fit well 

ith the pseudo-second-order model (R 

2 > 0.999). The q e , K 2 , and 

he initial adsorption rate [kq e 
2 = h (mg g − 1 min 

−1 )] were ob- 

ained using the slope and the intercept, respectively, of the plot 

f t/q t versus time ( Fig. 3 and Table S1). Therefore, the pseudo- 

econd-order model was proposed for the kinetic of the DIZ ad- 

orption by AE-MOF UiO-66. 

.4. Adsorption isotherm 

A useful adsorption system can be designed considering the 

robable interactions between adsorbents and solute based on ad- 

orption isotherms. Hence, finding the suitable isotherm model, 

hich correlates well with the experimental data, is important be- 

ause it can be used for design purposes. Therefore, four common 

sotherms, Langmuir, Freundlich, Redlich-Peterson, and Temkin 

ere examined and resulted data were presented in Fig. 4 and 

able 2 . Here, the best linear correlation was obtained for the plot 

f (C e /q e ) versus C e , revealing that the Langmuir isotherm can ex- 

lain properly the monolayer adsorption of DIZ on the AE-MOF 

iO-66 surface with a limited number of binding sites. Therefore, 
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Fig. 3. Pseudo-first order kinetic and Pseudo-second order kinetic for DIZ adsorption on AE-MOF UiO-66 (pH = 7). 

Fig. 4. Linear Langmuir, Freundlich, Redlich-Peterson and Temkin isotherm models for DIZ adsorption using MOF UiO-66 (pH = 7). 
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omogeneous adsorption energies can be assumed without any re- 

ocation of DIZ molecules in the framework of AE-MOF UiO-66 sur- 

ace. 

.5. Mechanism of adsorption 

To study the mechanism of the DIZ adsorption process by the 

E-MOF UiO-66 adsorbent, FT-IR spectra of DIZ, AE-MOF UiO-66 

ere acquired before and after the adsorption process. The bands 

f typical functional groups in the DIZ and AE-MOF UiO-66 struc- 

ures besides the DIZ adsorbed on the AE-MOF UiO-66 (under op- 

imum conditions) were evaluated in FT-IR spectra to track the 

robable variations in the FT-IR spectrum after the adsorption pro- 

ess. Details of the distinguished bands in the spectra, with their 

avenumbers and band assignments, were as follow: 

FT-IR of DIZ (KBr, cm 

−1 ): 2977, 1585, 1560, 1471, 14 4 4, 1383,

349, 1294, 1160, 1099, 1023, 980, 830 and 650. And FT-IR of the 

E- MOF UiO-66 (KBr, cm 

−1 ): 3435, 2962, 2928, 2854, 1953, 1713, 

661, 1584, 1508, 1395, 1279, 1157, 1105, 1068, 1019, 934, 879, 840, 

45, 705, 677, 552, and 476. And FT-IR of DIZ/AE-MOF UiO-66 (KBr, 

m 

−1 ): 3433, 2975, 2931, 2859, 1953, 1712, 1660, 1587, 1565, 1538, 

507, 1434, 1391, 1354, 1278, 1163, 1102, 1022, 994, 979, 827, 741, 

02, 680, 555 and 476 ( Fig. 5 ). 
6 
In the FT-IR spectrum of AE-MOF UiO-66 ( Fig. 5 b), significant 

eaks originated from the stretching vibration frequencies of the 

r–O 2 and Zr-OH groups were appeared at 702–744 cm 

−1 and 1395 

m 

−1 , respectively. Following the adsorption process ( Fig. 5 c), a 

ew characteristic peak was observed in the FT-IR spectrum of 

IZ/AE-MOF UiO-66 related to the stretching vibration frequen- 

ies of P = S in area 979–994 cm 

−1 . Moreover, for the DIZ ad-

orbed on the AE-MOF UiO-66, the stretching vibration frequencies 

f C 

–O, C = N, and C = C could be observed at 1354 cm 

−1 , and the

tretching vibration frequencies of 1434 cm 

−1 and 1565 cm 

−1 , re- 

pectively. Furthermore, the zeta potential of the AE-MOF UiO-66 

as measured to investigate the electrostatic attraction between 

IZ and AE-MOF UiO-66. The DIZ has a pK a = 2.6, which means its 

olecules have a negative charge at pH = 7. According to Fig. 6 , the

E-MOF UiO-66 has a negative charge in this pH, which demon- 

trates negligible electrostatic attraction between AE-MOF UiO-66 

nd DIZ in pH = 7. Notably, the DIZ adsorption onto the AE-MOF 

iO-66 might be chemisorption instead of electrostatic adsorption 

35] . It is realized that the Zr-based AE-MOF UiO-66 works ef- 

ectively over a wide range of pH, and its highest removal effi- 

iency for DIZ was observed at pH = 7, probably due to the cre- 

tion of a chemical bond or complex between DIZ and AE-MOF 

iO-66. The chemisorption process of DIZ by the AE-MOF UiO-66 

ay originate from the Zr-OH bonds in MOF, which have a high 
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Fig. 5. FT-IR spectra of DIZ (a), MOF UiO-66 (b), and the adsorbed DIZ onto MOF UiO-66 (c), (DIZ solution: 0.0304 g/L, contact time: 20 min, pH = 7). 

Fig. 6. Zeta potential of AE-MOF UIO-66 in water under different pH values at 25 

°C. 

Table 3 

Analytical characteristics for DIZ analysis. 

Analytical parameters Value 

Linear range (ng/mL) 10–500 

Coefficient of determination (R 2 ) 0.999 

Slope 1.37 

Intercept 0.62 

Limit of detection (ng/mL) (3S B /m, n = 5) 2.5 

Precision (RSD,%) (100 ng/mL, n = 5) 3 
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Table 4 

DIZ determination in real specimens. 

Sample 

Spiked concentration 

(mg/L) of DIZ 

Recovery (%) 

± SD, n = 3 

Tap 

water 

– –

10 94.2 ± 3.8 

20 95.6 ± 2.9 

30 97.8 ± 3.5 

River 

water 

– –

10 96.1 ± 2.9 

20 97.4 ± 3.8 

30 95.2 ± 3.6 

Tomato 

juice 

– –

10 85.7 ± 3.1 

20 87.0 ± 3.8 

30 86.0 ± 2.9 

Apple 

juice 

– –

10 86.2 ± 1.9 

20 86.7 ± 2.6 

30 86.8 ± 2.2 

Tomato 

juice 
∗

– –

10 94.9 ± 3.4 

20 96.1 ± 2.0 

30 95.7 ± 2.5 

Apple 

juice 
∗

– –

10 95.8 ± 2.8 

20 95.4 ± 2.3 

30 95.9 ± 2.3 
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ffinity toward DIZ that is in agreement with the pseudo-second 

rder model. 

.6. Analytical performance 

The adsorption efficiency of the AE-MOF UiO-66 and MOF UiO- 

6 powders for DIZ removal was compared. Here, the DIZ content 

n the supernatant solution was measured by Ultraviolet–visible 

pectroscopy (UV–Vis) before and after the adsorption process per- 

ormed under the optimized conditions. The obtained spectra af- 

er the adsorption process presented in Fig. 7 indicate the higher 

dsorption capacity of the AE-MOF UiO-66 compared to the MOF 

iO-66 powder as the adsorption value at λ = 438 nm is lower 

n the case of AE-MOF UiO-66. The calibration curve of the es- 

ablished procedure for the determination of DIZ under optimum 

ircumstances represented a linear relation in the range of 10–

00 ng/mL with an R 

2 value of 0.999 and the detection limit of 

.5 ng/mL ( Table 3 ). The precision of the technique in terms of the
7 
elative standard deviation (RSD%), was assessed for 5 replicates 

etermination of 30.4 ng/mL DIZ. The RSD = 3% resulted that ver- 

fied the acceptable precision of the developed procedure. 

The developed adsorption procedure based on AE-MOF UiO-66 

as applied for DIZ removal from various real specimens. The real 

amples were spiked with DIZ at a given concentration, and the 

IZ removal and recovery tests were examined, and obtained data 

ere presented in Table 4 . Obviously, the matric of real samples 

ad no sensible impact on the DIZ adsorption. Notably, as men- 

ioned in Section 2.8 , in the case of apple and tomato juice as real

amples, treatment with acetone was performed. Comparing the 

ecovery results of the analyses with or without acetone treatment 

evealed that for quantitative analysis, this treatment is necessary. 

n contract, the qualitative analysis can be successfully done on 

he untreated samples. Moreover, the adsorbent can be easily sep- 

rated for the sample solution after reaching the adsorption equi- 

ibrium; as a result, the UV–Vis analysis step can be done without 

ny problem. 

The performance of the AE-MOF UiO-66 toward DIZ removal 

as compared with previously reported works, Table 5 , which in- 

icates comparable sorption capacity (q e ) and wide range of quan- 

ification of a small aliquot of sample solution resulted by a minor 
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Fig. 7. The UV–Vis spectra recorded after DIZ adsorption process by the AE-MOF UiO-66 and MOF UiO-66 powders. 

Table 5 

Comparison of analytical characteristics of the developed sorbent with other sorbents for DIZ removal. 

Ref Sample type Sorption capacity 

q e (mg/g) 

Sample volume 

(mL) 

Sorbent 

amount (mg) 

Dynamic 

range 

sorbent 

[50] Water 8 25 500 – MWCNT 

[51] Water 25.6 – 20 – MCM-41 and 

MCM-48 

mesoporous 

[52] Water 24.69 – 10–100 – Loess 

[53] Water 58.8 30 50 – Iron modified 

[54] Water 15–62 100 350 – ATZ- MZ 

This 

work 

Water, Tomato 

juice and 

Apple juice 

116 10 75 10–500 AE-MOF 

UiO-66 
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mount of sorbent [50-54] . It is noteworthy that compared to other 

entioned sorbents, the AE-MOF UiO-66 as a green sorbent can 

e employed for environmental decontamination purposes regard- 

ng its benefits such as cheapness, eco-friendly, and easy operation 

onditions for DIZ removal in a neutral pH. 

. Conclusion 

Here, MOF UiO-66 was activated, extruded and utilized as a 

orbent for the adsorption and removal of DIZ. The utilized ad- 

orbent illustrates some advantages such as being eco-friendly, re- 

overable, nontoxic, economical, and having extraordinary adsor- 

ent capacity. The adsorption mechanism of the DIZ by AE-MOF 

iO-66 correlated with a pseudo-second-order model based on 

angmuir isotherm. The DIZ analysis based on separation and pre- 

oncentration with developed sorbent was performed simply for 

iverse real samples with recovery percentages of 85.7 −97.8%. 

lso, the DIZ analysis was done in the range of 10–500 ng/mL and 

 LOD of 2.5 ng/mL resulted. The easy separation of the adsorbent 

rom the sample solution after the adsorption process and facile 

ecovery of the sorbent are other benefits of prepared sorbent. As 

 powerful sorbent, AE-MOF UiO-66 confirmed a promising role 

n the pesticides removal and therefore overcoming environmen- 

al problems. 
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