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Abstract 

This thesis aimed to develop a hierarchical nanocomposite adsorbent 

incorporated a zinc oxide and carbon foam embedded in a magnetic molecularly 

imprinted polymer (ZnO@CF@Fe3O4-SiO2-NH2@MIP). The adsorbent was utilized 

for the extraction and determination of sulfonamides. The fabricated adsorbent was 

characterized, the fabrication and extraction conditions were optimized and the 

extracted sulfonamides were determined using high performance liquid 

chromatography. The zinc oxide carbon foam helps to improve the adsorption of 

sulfonamides. The molecularly imprinted polymer provided highly specific recognition 

cavities for three sulfonamides and the magnetic material enabled the rapid isolation of 

the adsorbent after adsorption and desorption. Under optimum conditions, the 

developed method provided a good linearity from 2.0 to 150.0 g L-1 with the 

coefficient of determination better than 0.995. The limit of detection and limit of 

quantification were 2.0 and 5.0 g L-1, respectively. The developed method was 

successfully applied to determine sulfonamides in milk and water samples with 

extraction recoveries between 84.3 and 96.2 % and RSDs lower than 7 %. The 

advantages of the developed nanocomposite adsorbent are high specificity and 

extraction efficiency, simplicity and convenience, and good stability that enables reuse.  

 

  



viii 
 

Acknowledgement 

  The successful accomplishment of this thesis would be impossible without the 

support and help of many people. I would like to show my deepest gratitude to those 

who have helped and supported me to complete this thesis.  

  I am grateful to Assoc. Prof. Dr. Opas Bunkoed and Asst. Prof. Dr. Apichai 

Phonchai, my academic advisor, for giving me the opportunity to work on my interested 

field, for their help, guidance, advice, useful comments, suggestions, and support 

through the whole duration of this work. 

 I would like to thank Faculty of Science Research Fund (Contract no. 1-2563-

02-002), the Center of Excellence for Innovation in Chemistry, the Thailand Research 

Fund, Department of Chemistry, Faculty of Science, Graduate School and Prince of 

Songkla University. 

   In addition, I would like to thank my friends in ACEFs for their assistance and 

support. Finally, I would like to express my gratitude to my family for their 

unconditional love, support, and encouragement throughout my life. 

 

 

 

       Ananya Kliangsuwan 

 

 

 

 

 

 

 

 

 



ix 
 

The relevance of the research work to Thailand 

The aim of this Master of Science Thesis in Chemistry (Analytical chemistry) 

was to develop and evaluate the performances of magnetite nanocomposite adsorbent, 

which was modified with amine, composited with carbon foam, and coated with 

molecularly imprinted polymer for the determination of sulfonamides in milk and water 

samples using high performance liquid chromatography coupled with diode array 

detector (HPLC-DAD). 

This developed adsorbent has several advantages including high extraction 

efficiency and useful for the simultaneous extraction and determination of sulfonamides 

in milk and water samples. It can be used by several government agencies in Thailand, 

the Ministry of Public Health, Ministry of Environment and the Ministry of Education. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

Contents 

                   Page 

List of tables                       xii 

List of figures                                 xiv 

List of abbreviations                    xvii 

List of publication                    xviii 

Reprint was made with permission from the publisher                                             xix 

1. Introduction                                                                                                         1 

1.1. Background and rationale                                                                            1 

1.2. Objective                                                                                                     3 

1.3. Chemical properties and toxicity of sulfonamides                                      3 

1.4. High performance liquid chromatography (HPLC)                                    5 

1.5. Sample preparations                                                                                    9 

1.5.1 Liquid liquid extraction (LLE)                                                      9 

1.5.2 Solid phase extraction (SPE)                                                         9 

1.5.3 Magnetic solid phase extraction (MSPE)                                    10 

1.5.4 Molecularly imprinted polymer                                                   11 

2. Research Methodology                                                                                        14 

2.1 Chemical and reagents                                                                                14 

2.2 Instrumentation                                                                                           14 

2.3 Preparation of composite magnetic solid phase extraction adsorbent        15 

2.3.1 Synthesis of Fe3O4-SiO2-NH2 nanoparticles                               15 

2.3.2 Synthesis of zinc oxide incorporated carbon foam                     15 

2.3.3 Synthesis of magnetic molecularly imprinted polymer               16 

2.4 Dispersive magnetic solid phase extraction (d-MSPE) procedure             17 

 

 

 

 

 



xi 
 

Contents (Continued) 

                    Page 

3. Results and discussion                                                                                            18 

3.1 HPLC condition                                                                                          18 

3.2 The characterization of magnetic molecularly imprinted polymer             

       adsorbent                                                                                                   19                                                                                 

3.3 Type of adsorbent                                                                                       23 

3.4 Optimization of adsorbent preparation and MSPE conditions                   24 

3.4.1 Effect of type of desorption solvent                                            24 

3.4.2 Effect of ionic strength of sample solution                                 26 

3.4.3 Effect of desorption solvent volume                                           27 

3.4.4 Effect of desorption time                                                             28 

3.4.5 Sample volume                                                                            30 

3.4.6 Effect of stirring rate of sample solution                                     31 

3.4.7 Effect of sample pH                                                                     33 

3.4.8 Effect of extraction time                                                              34 

3.5 Analytical performances                                                                             37 

 3.5.1 Linearity, limit of detection and limit of quantification              37 

                        3.5.2 Enrichment factor (EF) and repeatability                                    38 

3.5.3 Reusability                                                                                   39 

3.5.4 Comparison with C18 sorbent                                                     40 

3.5.5 Analysis of sulfonamides in milk and water samples                 41 

3.5.6 Comparison with other works                                                     44 

3.5.7 Adsorption kinetics                                                                     46 

4. Concluding remark                                                                                                47 

References            48 

Publication            55 

VITAE                                                                                                                         75  

 

 

 

 



xii 
 

List of tables 

 

Table                    Page 

1. The maximum residue level of sulfonamides in food animal products                   5 

2. Mobile phase composition for the separation and determination of  

sulfonamides                                                                                                             8 

3. Sample preparation techniques for the determination of sulfonamides                 13 

4. HPLC condition for the analysis of sulfonamides                                                 18 

5. The extraction recoveries of sulfonamides using different types of adsorbent      23 

6. The extraction recoveries of sulfonamides using different types of desorption  

solvent                                                                                                                               25 

7. The extraction recoveries of sulfonamides using different amount of NaCl          26                                                                             

8. The extraction recoveries of sulfonamides using different desorption volume     28                                                                                                        

9. The extraction recoveries of sulfonamides using different desorption time          29                                                                                                        

10. The extraction recoveries of sulfonamides using different sample volume           30                                                                                                      

11. The extraction recoveries of sulfonamides using different stirring rate                 32 

12. The extraction recoveries of sulfonamides using different sample pH                   33 

13. The extraction recoveries of sulfonamides using different extraction time           35                                                                                                              

14. The optimization of d-MSPE for the determination of sulfonamides                    36                                                                                       

15. The analytical performances for the extraction and determination 

of sulfonamides using the hierarchical nanocomposite ZnO@CF@Fe3O4- 

SiO2-NH2@MIP adsorbent                                                                                     38        

16. The enrichment factor (EF) and repeatability for the extraction and  

determination of sulfonamides using the hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent                                                      38 

 

 

 

 

 

 

 



xiii 
 

List of tables (Continued) 

 

Table                    Page 

17. The extraction recoveries of sulfonamides using the hierarchical  

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent                             39                                                              

18. The determination of sulfonamides in milk and water samples using 

 the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP  

 adsorbent coupled with HPLC-DAD                                                                    43   

19. The analytical method for the determination of sulfonamides in  

various samples                                                                                                      45 

20. The linear regression of the pseudo-first order and pseudo-second order  

models for the adsorption of three target sulfonamides using the hierarchical 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent                             47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

List of figures 

Figure                    Page 

1.1 Chemical structure of sulfonamides                                                                         4 

1.2 A schematic of an HPLC system                                                                              6 

1.3 Schematic representative the solid phase extraction procedure                             10 

1.4 The molecularly imprinting polymer process                                                        12 

1.5 The interaction between target analytes and developed adsorbent                        12 

2.1 The preparation procedure of the hierarchical nanocomposite 

      ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent for the extraction of  

      sulfonamides                                                                                                           16 

2.2 Magnetic solid phase extraction procedure using MMIPs for the extraction 

      of sulfonamides                                                                                                      17 

3.1 Chromatograms of sulfadiazine, sulfamethazine and sulfadimethoxine  

      (75 µg L-1)                                                                                                              19 

3.2 FT-IR spectra of ZnO@CF (a), Fe3O4-SiO2-NH2 (b) and the hierarchical 

      nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (c)                       20 

3.3 FESEM images of the hierarchical nanocomposite ZnO@CF@Fe3O4- 

      SiO2-NH2@MIP (A) and ZnO@CF@Fe3O4-SiO2-NH2@NIP (B)                        21 

3.4 VSM curves (A) of (a) Fe3O4 and (b) ZnO@CF@Fe3O4-SiO2-NH2@MIP;  

      and Photograph of the dispersed composite adsorbent and the isolation of the     

      adsorbent from sample solution (B)                                                                       22 

3.5 TGA analysis curve (A) and XRD analysis (B) of Fe3O4-SiO2-NH2 and the 

      hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent         23                                       

3.6 Extraction efficiency of different adsorbents for the determination of  

      sulfonamides                                                                                                           24 

3.7 Effect of the type of desorption solvent on the recovery of sulfonamides  

      using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP 

      adsorbent                                                                                                                25 

3.8 Effect of ionic strength (NaCl) of sample solution on the extraction of  

      sulfonamides using the hierarchical nanocomposite ZnO@CF@Fe3O4- 

      SiO2-NH2@MIP adsorbent                                                                                     27 

 



xv 
 

List of figures (Continued) 

Figure                    Page 

3.9   Effect of desorption solvent volume on the desorption of sulfonamides  

        using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP  

        adsorbent                                                                                                              28 

3.10 Effect of sonication time on the desorption of sulfonamides using 

        the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP  

        adsorbent                                                                                                              29 

3.11 Effect of sample volume on the extraction of sulfonamides using  

        the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP  

        adsorbent                                                                                                              31                                                                                              

3.12 Effect of stirring rate of sample solution on the adsorption of sulfonamides 

        using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2NH2@MIP  

        adsorbent                                                                                                              32 

3.13 Effect of sample pH on the extraction efficiency of sulfonamides using the  

        hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent       34 

3.14 Effect of extraction time on the recovery of sulfonamides using the 

        hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent       35 

3.15 The reusability of the hierarchical nanocomposite ZnO@CF@Fe3O4- 

        SiO2-NH2@MIP adsorbent for the extraction and determination of  

        sulfonamides                                                                                                         40 

  



xvi 
 

List of figures (Continued) 

Figure                    Page 

3.16 Recoveries of sulfonamides using the hierarchical nanocomposite 

        ZnO@CF@Fe3O4-SiO2-NH2@MIP and a C18 adsorbent                                           41 

3.17 Chromatograms show sulfonamides extracted from a real milk sample (a),  

        standard sulfonamides solution (b), and a spiked milk sample (c)                      42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 
 

List of abbreviations 

 

ACN                Acetonitrile 

APTES  Alpha-azo-isobutyronitrile  

BET   Brunauer-Emmett-Teller  

EGDMA         Ethylenegylcoldimethacrylate 

EU   European union  

FESEM  Field emission scanning electron microscopy  

FTIR   Fourier transform infrared spectroscopy  

HPLC   High-performance liquid chromatography  

LOD   Limit of detection  

LOQ   Limit of quantification  

MAA               Methacrylic acid  

MIP   Molecularly imprinted polymer  

MRLs   Maximum residue limits  

MSPE             Magnetic solid phase extraction 

NIP   Non-imprinted polymer  

R2   Coefficient of determination  

RSD   Relative standard deviation  

SDZ                Sulfadiazine 

SDM                Sulfadimethoxine 

SMT               Sulfamethazine 

UV - VIS  Ultraviolet - visible  

VSM               Vibrating sample magnetometer 

 

 

 

 

 

 

 



xviii 
 

List of publication 

 

Ananya Kliangsuwan, Apichai Phonchai, Opas Bunkoed. A magnetic molecularly 

imprinted polymer hierarchical composite adsorbent embedded with a zinc 

oxide carbon foam nanocomposite for the extraction of sulfonamides. 

Microchemical Journal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

Reprint was made with the permission from the publisher 

Reprinted with permission of Elsevier 

 



1 
 

1. Introduction 

1.1. Background and rationale 

Sulfonamides are widely used as veterinary antibiotics to prevent infectious 

bacterial diseases and to support animal husbandry and fish farming (Shi et al., 2011). 

The existence of residual sulfonamides in animal products and the environment is an 

unavoidable result of the wide usage of these antibiotics. The adverse effects of 

sulfonamides on humans can cause allergic reactions, damage to the urinary system and 

inhibition of leukocyte generation. Owing to the long-term and excessive usage of 

sulfonamides, the accumulation of residues in the food chain is becoming an 

increasingly serious problem (Ayankojo et al., 2020). Sulfonamides have been 

continuously employed in animal husbandry and fish farming such as sulfadiazine 

(SDZ), sulfamethazine (SMT) and sulfadimethoxine (SDM) because of their cost 

effectiveness and broad antibacterial spectrum. Therefore, the determination of 

sulfonamides residue in food products and environment is an importance. 

Several methods have been reported for the determination of sulfonamides such 

as chromatographic techniques (Charitonos et al., 2017; Sukchuay et al., 2015; 

Yazdanfar et al., 2021), fluorescence spectroscopy (Orachorn & Bunkoed, 2021),      

UV-Vis spectroscopy (Shakirova et al., 2021) and electrochemical sensors (Li & He, 

2021; Melo Henrique et al., 2021). Among these methods, high performance liquid 

chromatography (HPLC) is the most widely used. Since HPLC uses an analytical 

column to separate analytes before quantification. However, residual sulfonamides in 

food and environment are normally at trace levels which cannot be directly determined 

by instrumental analysis. Therefore, the sample preparation is recommended to 

preconcentrate the analyte and to remove the interferences prior to instrumental 

analysis. Several sample preparation method were used for the extraction of 

sulfonamides including solid phase extraction (SPE) (Moga et al., 2020; Wen et al., 

2020), liquid–liquid microextraction (LLME) (Shakirova et al., 2021), deep eutectic 

solvents (DESs) (Shishov et al., 2020) and magnetic solid-phase extraction (MSPE) 

(Sukchuay et al., 2015). MSPE is a simple and rapid procedure (Jullakan & Bunkoed, 

2021) which avoids the problems of conventional SPE, which is usually time-

consuming and requires complicate manifold system.   
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The extraction efficiency of target analytes is normally depends on the 

effectiveness of the adsorptive material. Various materials have been utilized to extract 

sulfonamides including carbon nanotubes (Zheng et al., 2021), polypyrrole (Sukchuay 

et al., 2015), covalent organic frameworks (Zhang et al., 2020), functionalized ionic 

liquids-supported metal organic frameworks (Lu et al., 2020), poly(ethylene glycol) 

diacrylate (Moga et al., 2020), molybdenum disulfide nanosheets (Li Juan et al., 2020) 

and graphitic carbon (Liu et al., 2020). An interesting material for the extraction of 

sulfonamides in complex samples is molecularly imprinted polymer (MIP). MIPs are 

highly specific to target analytes and can reduce the co-adsorption of interferences in 

real samples. In addition, MIPs are easily synthesized and chemically stable.  

MIPs can be integrated with other materials to produce a composite adsorbent 

with improve affinity for the target analytes. Zinc oxide (ZnO) has been reported to 

effectively extract sulfonamides. However, it has poor dispersibility and readily 

aggregates (Zhang et al., 2016). ZnO incorporated with carbon foam is more interesting 

material that has shown exciting potential for the extraction of target compounds since 

it has a specific pore structure, a highly geometric surface area and good thermal 

stability. This composite material can adsorb sulfonamides via hydrophobic and - 

interactions and hydrogen bonding. The specificity of a MIP adsorbent can be improved 

by incorporating ZnO@Carbon foam. 

In this work, a hierarchical nanocomposite magnetic adsorbent was fabricated 

by integrating a ZnO@Carbon foam nanocomposite and magnetite nanoparticles 

(Fe3O4) with a molecularly imprinted polymer (ZnO@CF@Fe3O4-SiO2-NH2@MIP). 

The developed hierarchical nanocomposite adsorbent was characterized and the 

fabrication strategy and extraction condition were optimized. The developed adsorbent 

was applied as the dispersive magnetic solid phase extraction (d-MSPE) of 

sulfonamides in milk and water samples. The extraction efficiency of the developed 

adsorbent was also compared with a commercial sorbent for the extraction of three 

sulfonamides, sulfamethazine (SMT), sulfadiazine (SDZ), and sulfadimethoxine 

(SDM). 
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1.2. Objective 

To develop a selective and high extraction efficiency adsorbent using magnetic 

hierarchical molecularly imprinted polymer nanocomposited with zinc oxide carbon 

foam (ZnO@CF@Fe3O4-SiO2-NH2@MIP) for the extraction and preconcentration of 

sulfonamides.  

1.3. Chemical properties and toxicity of sulfonamides 

Sulfonamides (SAs) are broad-spectrum antibiotics (Fig. 1.1), which widely 

used in animal husbandry and aquaculture, they can prevent or treat 30 bacterial 

infections (Lin et al., 2020). Sulfonamides are utilized in animal production, and an 

estimated 60% of livestock have been exposed to them. The expanding use of 

sulfonamides in medical treatments and animal farming, along with poor waste 

management procedures, resulted in major environmental issues as residues (Rozaini 

et al., 2019). Antibiotics can transfer to human bodies through consumption of milk and 

residues in aquaculture water.  

Among those types of sulfonamides, sulfadiazine, sulfamethazine and 

sulfadimethoxine have been mostly used in treating diseases. Sulfadiazine, a sulfa drug, 

eliminates bacteria that cause infections, especially urinary tract infections. 

Sulfamethazine is used for pneumococcal, staphylococcal, and streptococcal infections 

as well as for sepsis, gonorrhea and other infectious diseases. Sulfadimethoxine is used 

almost exclusively for the treatment of intestinal parasites known as Coccidia (Ji et al., 

2017).  

According to the Food and Drug Administration (FDA) report, there are several 

diseases that have been treated by sulfonamides. Sulfonamide residues in the human 

body lead to allergic sensitization and invasive growth of tumor cells through one or 

several mechanisms, which make sulfonamides ineffective in the treatment of several 

diseases in the long term.  

  

https://www.marvistavet.com/coccidia.pml


4 
 

However, sulfonamides have some disadvantages regarding to their toxicity. 

European Commission has released a rule which is about the maximum residue level 

of sulfonamides in animal tissue which is stated in Commission Regulation (EU) No 

37/2010. The maximum residue levels of sulfonamides in food products are shown in 

Table 1. Some researchers have studied about the toxic effect of sulfonamides for the 

human body. The effect includes hemolytic anemia, leukopenia and thrombocytopenia 

may occur.  The most important organ affected in toxicity is the kidney. The patient 

had some symptoms such as dizziness, diarrhea, nausea, vomiting and serious skin 

rashes (Kester, Karpa, & Vrana, 2012).  

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

Figure 1.1 Chemical structure of sulfonamides 

  

Sulfadiazine, SDZ 

Sulfadimethoxine, SDM 

Sulfamethazine, SMT 

Sulfathiazole, STZ Sulfamonomethoxine, SMM 

 Sulfamerazine, SME  
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Table 1. The maximum residue level of sulfonamides in food animal products 

  

1.4. High performance liquid chromatography (HPLC) 

HPLC has been widely utilized for the quantification of sulfonamides due to its 

high sensitivity and good precision (Lin et al., 2020). HPLC is a separation technique 

based on the distribution of analytes between a stationary phase and mobile phase using 

high pressure to push through the column. Revered phase HPLC is typically used for 

the separation and determination of sulfonamides. This mode use of a polar mobile 

phase and a non-polar stationary phase. The separation time depend on the type of 

stationary phase, the chemical property of the analytes, the molecules are retarded in 

column and passed to detector. The signals are converted and recorded by computer 

software. A schematic of a typical HPLC system is showed in Fig. 1.2.    

 

 

 

 

 

 

 

 

 

 

 

Animal species MRL (µg kg-1) Target tissue 

 

All food producing species 

 

100 

Muscle 

Fat 

Liver 

Kidney 

Bovine 

Ovine 

Caprine 

 

100 

 

Milk 
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Fig. 1.2 A schematic of an HPLC system 

 

To obtain the best performance including good sensitivity and separation, and 

short analysis time some parameters of HPLC system must be investigated including 

the mobile phase composition, flow rate of mobile phase and detection wavelength. The 

mobile phase composition relies on the polarity of the analytes and the HPLC mode. 

The suitable mobile phases for the separation of sulfonamides are shown in Table 2.   

The stationary phase is a vital part for the separation of target analytes in 

complex mixtures and its selection is an important for the good result of the analysis 

which are work together with the mobile phase to pass through the system. Several 

types of stationary phase were reported for the separation and determination of 

sulfonamides including octadecyl (C18) which is dependent on the contact surface area 

between the nonpolar moiety of the target analytes and the stationary phase. In this 

study, the separation column was a FortisTM RP C18 (4.6 х 150 mm I.D., 5.0 µm particle 

size) and contain octadecyl modified silica which were used for the separation of 

sulfonamides are shown in Table 2.   

Data 

acquisition 

 

a  

HPLC column 

Injector 

Pump 

Mobile phase Detector  Waste  
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The detector was used for the identification of analytes. It is based on specific 

property of analytes, composition of mobile phase and sample which signal response to 

a specific compound. There are several detectors available for the quantification of 

sulfonamides such as ultraviolet (UV)  (Shi et al., 2011),  diode- array detector (DAD) 

(Qi et al., 2015), fluorescence (FLD) (Patyra et al., 2019) and mass spectrometer (MS) 

(Yao & Du, 2020).  

Diode array detector (DAD) is commonly used in liquid chromatography. DAD 

had a wide range of wavelengths to screening for many drugs and toxic substances and 

ability to select the best wavelength for analysis. In addition, DAD had some 

advantages such as sensitive and selective for the detection of many compounds  

(Xia et al., 2020). In this work, the diode array HPLC detectors was used for analysis 

of sulfonamides since it was selective, sensitive and reliable detector.   
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Table 2. Mobile phase composition for the separation and determination of sulfonamides 

  

Column Mobile Phase Flow Rate 

(mL/min) 

Detection 

(UV) nm 

References 

C18 0.5% sodium dihydrogen phosphate aqueous solution -ACN 

(85:15, v/v) 
2.0 270 (Yao & Du, 2020) 

CTO 20AC Water: ACN containing 0.1% (v/v) formic acid 1.0 200 – 360 (Chatzimitakos & Stalikas, 2020) 

Ultimate AQ-C18 ACN: water (30:70, v/v) 1.0 270 ( Li et al., 2018) 

C18 Kromasil Water containing 1% HAcO (pH = 3.2) and ACN with 1% 

HAc 
1.0 280 (Ancuta Moga et al., 2020) 

C18 Hichrom Methanol: water adjusted to pH = 3 1.0 262 (Sadeghi & Olieaei, 2019) 

Hypersil gold Water: ACN (5:95, v/v) 1.0 270 (Xia et al., 2020) 

Zorbax SB-C18 Water with 1% acetic acid at pH 4.0: ACN (75:25, v/v) 1.0 269  (Nasir et al., 2019) 

SUPELCO C18 0.75% formic acid: mixture of ACN and methanol at a ratio 

of 2:1 
1.0 257 (Bogdanova et al., 2020) 

Replete RPL- 

D2000 
ACN: methanol (8:92, v/v) 1.0 265 (Mokhtar et al., 2019) 

InertSustain C18 Methanol: 0.01 mol L-1 oxalic acid in water (32:68, v/v) 0.7 - (Lu et al., 2020) 
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1.5. Sample preparations  

Sample preparation is an important step for the detection of sulfonamides in 

various matrices. The aims for doing sample preparation are to clean-up and 

preconcentrate the target analytes in complex matrices to reach low detection limit 

(Feng et al., 2016). There are several things that should be considered in sample 

preparation such as the degree of selectivity, the time consuming for sample 

preparation, enhances extraction efficiency and simple to carry out (Yang et al., 

2019). Sample preparation is needed for the determination of sulfonamides due to its 

existence in trace level. Several sample preparation techniques have been developed for 

the extraction and preconcentration of sulfonamides in various samples (Table 3). 

1.5.1 Liquid liquid extraction (LLE) 

Liquid liquid extraction (LLE) is based on the principle that a solute or an 

analyte can distribute itself in a certain ratio between two immiscible solvents, usually 

water (aqueous phase) and organic solvent (organic phase). LLE is widely used in 

sample preparation for cleanup and enrichment, which results in signal enhancement 

(Su et al., 2017). However, there are some drawbacks such as often cumbersome and 

time-consuming, especially requires large amounts of organic solvents which pose 

health and environmental hazards (Di et al., 2019). 

1.5.2 Solid phase extraction (SPE) 

The basic principle of SPE is the partitioning of compounds between two phases 

of solid and liquid. The target analytes must be greater affinity to the solid phase than 

for the sample matrix. The compounds retained (analytes) on the solid phase can be 

removed by eluting solvent with a greater affinity (Mukherjee, 2019). SPE procedures 

are basically consist of four steps including conditioning, sample loading, washing and 

eluting (Fig. 1.3). The SPE method has attracted increasing attention in the separation 

and purification of real samples due to the advantages of high recovery and simple 

operation.  

SPE can reduce time and solvent required, manage with a small amount of 

samples and solvent compared to liquid liquid extraction (Salehi et al., 2016)



10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic representative the solid phase extraction procedure 

 

1.5.3 Magnetic solid phase extraction (MSPE)  

MSPE is a new mode of SPE, which based on the application of magnetic 

adsorbents. A magnetic adsorbent takes an important role in the MSPE procedure 

(Wang et al., 2019). MSPE is superior to SPE, such as being time saving (Mohamed et 

al., 2019). The adsorbents do not need to be packed into a cartridge (as in traditional 

SPE) and their separation can be easily achieved using an external magnet located 

outside the extraction vessel, thus avoiding the need for centrifugation or filtration 

makes the sample preparation easier and faster (Herrero et al., 2015). However, because 

of the large number of active ingredients in food and the low concentration of residual 

antibiotics. To overcome these problems, molecularly imprinted polymer (MIP) is an 

alternative material that composited into adsorbent to increase selectivity and high 

affinity. 
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1.5.4 Molecularly imprinted polymer  

MIPs are synthetic polymers with a predetermined selectivity for a given 

analyte, or group of structurally related compounds, making them ideal materials to be 

used in separation processes (Turiel & Esteban, 2020). MIPs provides some advantages 

such as selective recognition of template in the presence of structural analogues, rapid 

separation from complex matrix under an external magnetic field, high binding capacity 

and outstanding adsorption (Zhong et al., 2018). 

MIPs are widely used in the sample preparation techniques such as solid phase 

extraction (SPE) (Cheng et al., 2021), dispersive micro solid phase extraction (D-µ-

SPE) (Jalilian et al., 2021), stir bar sorptive extraction (SBSE) (Tang et al., 2018), 

magnetic solid phase extraction (MSPE) (Liang et al., 2020). MIPs can be integrated 

with other materials to produce a composite adsorptive material with improve affinity 

for the target analytes. It can prevent the magnetic nanoparticles from aggregation and 

increase the selectivity of magnetic nanoparticles (Du et al., 2018). The  

co-polymerization method involves a functional monomer, a crosslinker, and a 

molecular template. In the imprinted binding sites, the functional monomers are in 

charge of the binding interactions. The cross-linker in the polymer network's function 

is to organize the monomer into specific sites and orientations around the template 

molecules, hence maintaining the binding site structure (specific cavities). During 

template removal, the polymer contains cavities that are similar to template molecules 

in size, shape, and functional group (Fig. 1.4). In addition, the benzene rings within 

MIP-MSPE and sulfonamides would induce   π- π interaction. This is an attractive 

strategy for this work. Zinc oxide (ZnO) has been reported to effectively extract target 

compounds. However, it has poor dispersibility and readily aggregates (Zhang et al., 

2016). ZnO incorporated with carbon foam is a more interesting material that has shown 

exciting potential for the extraction of target compounds since it has a specific pore 

structure, a highly geometric surface area and good thermal stability. This composite 

material can adsorb sulfonamides via hydrophobic, - interactions and hydrogen 

bonding. The specificity of an MIP adsorbent can be improved by incorporating 

ZnO@Carbon foam. The interaction between target analytes and developed adsorbent 

are presented in Fig. 1.5  
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In this work, a hierarchical nanocomposite magnetic adsorbent was fabricated 

by integrating a magnetite nanoparticle (Fe3O4) and ZnO@Carbon foam 

nanocomposite to increase surface area. After that, MIPs was coated on the surface of 

magnetite for the selective determination of sulfonamides in samples.   

 

 

 

 

 

 

 

Figure 1.4 The molecularly imprinting polymer process 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 The interaction between target analytes and developed adsorbent
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 Table 3. Sample preparation techniques for the determination of sulfonamides 

Extraction method Sample 
Extraction 

time (min) 

Sample volume 

(mL) 
Extractant LOD Recovery (%) References 

Solid phase extraction               

(Molecularly imprinted solid phase 

extraction, MISPE, 25 mg) 

Shrimp 

fish 

 

 

 

- 
10 

Methanol/acetic acid 

(9:1, v/v) 

 

8.4 – 10.9 µg kg-1 85.5 - 106.1 

 

 

(Shi et al., 2011) 

Solid phase extraction 

(Molecularly imprinted solid phase 

extraction, MISPE, 20 mg MIP) 

Lake 

river 

 

- 
50 Methanol 0.010 – 0.014 µg L-1 87.4 – 102.3 (Fan et al., 2020) 

Solid phase dispersion 

(Matrix solid phase dispersion, MSPD, 50 

mg) 

Pork 3 - 
Methanol/acetic acid 

(9:1, v/v) 
0.5 – 3.0 ng g-1 

74.5 – 102.7 

 
(Wang et al., 2017) 

Molecularly imprinted silica gel, MISG 

(MISG, 15 mg) 

Tap 

river 
10 12.5 5% ammonia in ACN 0.06 – 0.17 μg L-1 80.0 – 96.0 (Rozaini et al., 2019) 

Solid phase dispersion 

(Molecularly imprinted polymer solid 

phase dispersion, MIP-SPE, 50 mg) 

Animal-

derived 

water 

- 25 Water 0.02 – 0.1 µg L-1 63.5 – 115.7 
(Zhao et al., 2018) 

 

Dispersive solid phase extraction (MIL-

101(Cr)@GO, 5 mg) 
Milk 20 1 Water 0.012 – 0.145 μg L-1 79.8 - 103.8 (Jia et al., 2017) 

Solid phase dispersion 

(Magnetic graphene oxide nanoparticles, 

MSPE-CMGO, 15 mg) 

Waterwork 

outlet 

aquaculture 

water 

20 200 Methanol 0.49 – 1.59 ng L-1 82.0 – 106.2 (Gao et al., 2018) 

Ultrasound-assisted dispersive micro 

solid phase extraction (20 mg of zinc 

ferrites) 

Egg 

lake water 
30 20 

ACN/ formic acid 

(8:2, v/v) 
0.06 – 0.11 μg L-1 88.0 – 101.0 

(Chatzimitakos & 

Stalikas, 2020) 

Aqueous two-phase sample pretreatment 

method with solid phase extraction (ATP-

SPE, HLB) 

Fish tissue - 10 Methanol 5.8 – 11.7 ng g-1 80.1 – 95.1 (Yao & Du, 2020) 
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2. Research Methodology 

2.1 Chemical and reagents 

Iron (II) chloride tetrahydrate and iron (III) chloride hexahydrate were from 

Sigma Aldrich (Steinheim, Germany). Sucrose was obtained from Ajax Finechem 

(Australia). Zinc nitrate hexahydrate was from KEMAUS (Australia). Sulfamethazine 

(SMT), sulfadiazine (SDZ), sulfadimethoxine (SDM), ethylene glycol dimethacrylate 

(EGDMA), methacrylic acid (MAA), and 3-aminopropyltriethoxysilane (APTES) were 

purchased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan). Acetonitrile was 

from Merck (Darmstadt, Germany). Alpha-azoisobutyronitrile (AIBN) was from BDH 

Chemicals (Lutterworth, UK). Acetone, ethanol, acetic acid, and methanol were from 

RCI Labscan (Bangkok, Thailand).  

2.2 Instrumentation 

The HPLC analysis was performed in gradient mode on an 1100 series HPLC 

system (Agilent Technologies, Waldbronn, Germany) equipped with a C18 (4.6 х 150 

mm I.D., 5.0 µm) analytical column for the separation of target sulfonamides. The 

mobile phase was acetonitrile and 0.02 % (v/v) acetic acid at a flow rate of 

1.0 mL min−1. The injection volume was 20 μL and the target sulfonamides were 

detected at 270 nm. The morphology of the adsorbent was examined by field emission 

scanning electron microscope (FESEM), (Apreo FEI, Netherlands). The infrared 

spectra of the adsorbent and related materials were recorded by Fourier transform 

infrared spectrometer (Bruker, Germany). The crystalline phases of the adsorbent were 

determined by X-ray diffractometer (XRD) (Empreyan, PAN analytical, the 

Netherlands). Magnetic properties were determined with vibrating sample 

magnetometer (VSM) calibrated with a 3 mm diameter Ni sphere (Lakeshore 730908, 

USA). The specific surface areas were determined by a Brunauer–Emmett–Teller 

(BET) surface area and pore size analyzer (Model ASAP 2060 Micromeristic, USA).  
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2.3 Preparation of composite magnetic solid phase extraction adsorbent 

2.3.1 Synthesis of Fe3O4-SiO2-NH2 nanoparticles 

Fe3O4 nanoparticles were synthesized via a co-precipitation method in 

accordance with a previous report (Kaewsuwan et al., 2017). Briefly, 3.40 g of  

FeCl2·4H2O and 9.40 g of FeCl3·6H2O were dissolved in 150 mL of deionized (DI) 

water and transferred into a three-necked flask (250 mL). The solution was stirred under 

nitrogen at 80 °C for 10 min and then 20 mL of ammonium hydroxide were added 

dropwise and stirring proceeded continuously for 1 h, at which point Fe3O4 

nanoparticles were obtained. The nanoparticles were separated with a magnet, washed 

with 50 mL of DI water and dried at 70 °C for 5 h.  

The Fe3O4-SiO2-NH2 nanoparticles were prepared by dispersing 0.50 g of the 

Fe3O4 nanoparticles in a 90 mL mixture solution of ethanol and deionized water (1:1 

v/v) under ultrasonication for 30 min. Then, 0.70 mL of APTES was added and adjusted 

to pH 4 with 1.0 M acetic acid. The reaction was performed for 3 h under stirring at     

60 °C. The synthesized Fe3O4-SiO2-NH2 nanoparticles were separated with an external 

magnet, washed with 50 mL DI water and dried at 80 °C for 8 h.  

2.3.2 Synthesis of zinc oxide incorporated carbon foam (ZnO@CF) 

The ZnO@CF composite was synthesized according to a previous method 

(Sajid et al., 2016). Briefly, 3.0 g of sucrose and 1.5 g of Zn(NO3)2·6H2O were 

combined in a beaker and heated to 110°C. As the temperature increased, the mixture 

started to melt. During melting, the mixture was continuously stirred with a glass rod 

and started to turn yellow, expand and foam. After further heating for approximately 

10 min at 110°C, the foam turned black and the ZnO@CF composite was obtained. The 

synthesized ZnO@CF was stored in a desiccator until used.   
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2.3.3 Synthesis of magnetic molecularly imprinted polymer (MMIPs)  

 For the synthesis of magnetic molecularly imprinted polymer, 0.019 g, 0.017g 

and 0.015 g of sulfadimethoxine, sulfamethazine and sulfadiazine were dispersed in 60 

mL of acetonitrile, respectively. Then, 90 µL of methacrylic acid was added into 

dispersion solution and stirred for 12 h at room temperature. After that, 0.10 g of 

Fe3O4@SiO2-NH2 and 0.050 g of ZnO@CF were added into the solution. The incubate 

solutions were moved to three neck flask. Then, 3.8 mL of ethylene glycol 

dimethacrylate (EGDMA) was added following by 0.0750 g of 2,2 azobisisobutyronitril 

(AIBN). The polymerization was performed under N2 at 60°C for 24 h. The obtained 

MMIPs were washed with a mixture of MeOH: acetic acid (8:2, v/v) and sonicated until 

no sulfonamides were detected and washed with deionize water. The obtained 

nanoparticles were dried in an oven at 80°C for 8 h.    

The magnetic non-imprinted polymers (MNIPs) were synthesized using the 

same method as MMIPs but without the existence of analyte (sulfonamides). The 

preparation procedure of magnetic molecularly imprinted polymer is showed in Fig. 

2.1.  

 

 

 

 

 

 

 

 

Fig. 2.1 The preparation procedure of the hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent for the extraction of sulfonamides 
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2.4 Dispersive magnetic solid phase extraction (d-MSPE) procedure 

The d-MSPE extraction of sulfonamides using the fabricated adsorbent is 

showed in Fig. 2.2. 50 mg of the adsorbent were dispersed in 15.0 mL of sample 

solution and stirred at 750 rpm for 30 min. After the adsorption of sulfonamides was 

completed, the adsorbent was separated from the sample solution using a magnet. The 

adsorbent particles were placed in 2.0 mL of a desorption solution of methanol and 1.0 

M acetic acid (80:20 % v/v) and the adsorbed analytes were desorbed under 

ultrasonication for 30 min. The adsorbents were separated with the magnet and the 

desorption solution was evaporated to dryness at 50 °C. Finally, the residue was 

dissolved in 1.0 mL of mobile phase and 20 L was injected into the HPLC-DAD 

system for analysis. 

 

 

 

 

 

 

 

 

 

Fig. 2.2 Magnetic solid phase extraction procedure using MMIPs for the extraction of 

sulfonamides 
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3. Results and discussion 

3.1. HPLC condition 

The HPLC condition was investigated for the analysis of sulfonamides and the 

suitable condition is shown in Table 4. To obtain the best performance including good 

separation, short analysis time and high sensitivity, a gradient system of mobile phase 

was performed for sulfonamides analysis. The mobile phase was acetonitrile and 0.02 

% (v/v) acetic acid at a flow rate of 1.0 mL min−1. The injection volume was 20 μL and 

the target sulfonamides were detected at 270 nm. The total analysis time of three 

sulfonamides is about 12.0 min with good separation of sulfadiazine, sulfamethazine 

and sulfadimethoxine with retention times of 4.51, 6.04 and 9.88 min, respectively (Fig 

3.1). 

 

Table 4 HPLC condition for the analysis of sulfonamides 

Parameters Conditions 

Column FortisTM C18 column (4.6 х 150 mm I.D., 5.0 µm particles size) 

Flow rate 1.0 mL min-1 

Mobile phase Acetic acid 0.02% (v/v) (A) and acetonitrile (B) 

Gradient system 0 min = 22.0 % B, 5.0 min = 35 % B, 8.0 min = 45 % B, 10.0 

min = 35 % B, 12.0 min = 22 % B 

Detector Diode array detector (λ = 270 nm) 

Injection volume 20 µL 

Column temperature 30 oC 
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Fig. 3.1 Chromatograms of sulfadiazine (SDZ), sulfamethazine (SMT) and  

sulfadimethoxine (SDM) (75 µg L-1) 

 

3.2 The characterization of magnetic molecularly imprinted polymer adsorbent 

The functional groups of ZnO@CF, Fe3O4-SiO2-NH2 and the 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent were investigated using FT-IR analysis. 

The FT-IR spectrum of ZnO@CF (Fig. 3.2a), shows a peak at 758 cm-1 from the Zn–O 

stretching vibration and a peak at 2952 cm-1 corresponding to the C–H bond vibration 

of carbon foam. These peaks confirm that ZnO@CF was successfully synthesized. The 

FT-IR spectrum of Fe3O4-SiO2-NH2 nanoparticles (Fig. 3.2b) presents an adsorption 

peak at 588 cm-1 due to the stretching of Fe-O, a peak at 1622 cm-1 corresponding to 

 –NH2 stretching vibration, a peak at 1094 cm-1 from the stretching vibration of the  

Si–O–Si bond, and a peak at 3394 cm-1 corresponding to the stretching of the O–H 

bond. These characteristic peaks confirmed that the magnetic Fe3O4-SiO2-NH2 

nanoparticles were successfully synthesized. In the FT-IR spectrum of the 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (Fig. 3.2c), the 

absorption peaks at 3434 cm-1 and 1390 cm-1 were attributed to the C=N stretching 

vibration, indicating that the MIP was successfully formed. The characteristic peaks 

present in the spectra of ZnO@CF and Fe3O4-SiO2-NH2 were also present in the FT-IR 

spectrum of the ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent.  
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Fig. 3.2 FT-IR spectra of ZnO@CF (a), Fe3O4-SiO2-NH2 (b) and the hierarchical  

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (c) 

 

The FESEM images of the ZnO@CF@Fe3O4-SiO2-NH2@MIP and 

ZnO@CF@Fe3O4-SiO2-NH2@NIP adsorbents in Fig. 3.3A and Fig. 3.3B show that 

the ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent has a rougher surface than the NIP 

adsorbent. The difference in the surface morphologies is due to the formation of specific 

recognition sites on the MIP adsorbent.  
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Fig. 3.3 FESEM images of the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2- 

NH2@MIP (A) and ZnO@CF@Fe3O4-SiO2-NH2@NIP (B) 

 

The magnetic properties of Fe3O4 and ZnO@CF@Fe3O4-SiO2-NH2@MIP 

adsorbent were measured by VSM technique. The saturation magnetizations of Fe3O4 

nanoparticles and ZnO@CF@Fe3O4-SiO2-NH2@MIP particles were 46.68 emu g-1 and 

5.69 emu g-1, respectively (Fig. 3.4A). Although the saturation magnetization of the 

ZnO@CF@Fe3O4-SiO2-NH2@MIP particles was lower than the saturation 

magnetization of the Fe3O4 nanoparticles, the nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent could nevertheless be easily separated from the sample solution 

using a magnet (Fig. 3.4B).  
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Fig. 3.4 VSM curves (A) of (a) Fe3O4 and (b) ZnO@CF@Fe3O4-SiO2-NH2@MIP; and 

Photograph of the dispersed composite adsorbent and the isolation of the adsorbent 

from sample solution (B) 

 

The thermal stability of the ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent was 

determined by TGA analysis. The adsorbent exhibited good stability in the range of 

 25–200 °C (Fig. 3.5A). The thermal stability of the nanocomposite is therefore more 

than adequate for d-MSPE at room temperature. 

The XRD patterns of Fe3O4-SiO2-NH2 nanoparticles and the ZnO@CF@Fe3O4-

SiO2-NH2@MIP adsorbent both present diffraction peaks at 2θ angles of 18°, 30°, 36°, 

54°, 63° and 74° corresponding to (1 1 1), (2 2 0), (3 1 1), (4 2 2), (4 4 0), and (5 3 3) 

planes, respectively (Fig. 3.5B). These results are characteristic of crystalline cubic 

structures and demonstrated that the successful integration of ZnO@CF and Fe3O4-

SiO2-NH2 with the MIP did not change their characteristics.  
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Fig. 3.5 TGA analysis curve (A) and XRD analysis (B) of Fe3O4-SiO2-NH2 and the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent   

 

3.3 Type of adsorbent 

The extraction efficiency of different types of adsorbent were evaluated 

including Fe3O4-SiO2-NH2@NIP, ZnO@CF@Fe3O4-SiO2-NH2@NIP, Fe3O4-SiO2-

NH2@MIP, and ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbents (Table 5 and Fig. 

3.6). The NIP adsorbents achieved lower extraction recoveries than the MIP adsorbents 

since, unlike the MIP adsorbents, they did not have specific recognition sites for 

sulfonamides. The ZnO@CF@Fe3O4-SiO2-NH2@MIP achieved higher recoveries than 

the Fe3O4-SiO2-NH2@MIP. The incorporated ZnO@CF nanocomposite improved the 

extraction efficiency of the adsorbent toward the target sulfonamides, and therefore the 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent was the most suitable of 

the present materials for the extraction of sulfonamides. 

 

Table 5 The extraction recoveries of sulfonamides using different types of adsorbent  

Adsorbent 
Recovery (%) ± SD 

SDZ      SMT       SDM 

Fe3O4-SiO2-NH2@NIP 27.3±2.5 20.7±3.1 19.7±1.5 

ZnO@CF@Fe3O4-SiO2-NH2@NIP 50.3±4.3 46.4±2.1 45.0±3.6 

Fe3O4-SiO2-NH2@MIP 76.0±2.0 72.3±2.5 75.0±4.6 

ZnO@CF@Fe3O4-SiO2-NH2@MIP 97.7±1.5 94.0±3.9 97.3±4.7 
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Fig. 3.6 Extraction efficiency of different adsorbents for the determination of 

sulfonamides 

 

3.4 Optimization of adsorbent preparation and MSPE conditions 

The extraction efficiency was considered in term of recovery as follows:  

Recovery (%) = (CFVF/CIVI) × 100 

Where CF is the concentration of sulfonamides in the reconstituted solvent, CI is the 

concentration of sulfonamides in spiked water sample. VF and VI are the volumes of the 

reconstituted solution (1.0 mL) and sample volume, respectively.  

3.4.1 Effect of type of desorption solvent 

Desorption of the three target sulfonamides from the nanocomposite adsorbent 

was performed with acetonitrile, ethyl acetate, acetone, methanol and a mixture of 

methanol and 2.0 % acetic acid. The mixture of methanol and 2.0 % acetic acid provided 

the best recovery (Table 6 and Fig. 3.7). The acidic condition can break hydrogen 

bonding and, therefore, may enable more complete desorption of sulfonamides from 
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the nanocomposite adsorbent. At the same time, methanol can disrupt hydrophobic and 

- interactions. Therefore, methanol containing 2.0 % (v/v) acetic acid was the most 

effective desorption solvent investigated in this study.    

 

Table 6 The extraction recoveries of sulfonamides using different types of desorption 

solvent   

Types of desorption solvent 
Recovery (%) ± SD 

  SDZ SMT SDM 

Acetonitrile 54.3±4.0 51.7±1.5 58.3±1.8 

Ethyl acetate 42.3±1.5 44.3±2.5 41.3±0.6 

Acetone 32.0±2.8 33.9±3.1 26.9±4.4 

Methanol 65.7±1.5 61.3±1.5 64.0±1.0 

Methanol and 1% of acetic acid 76.7±1.5 76.0±1.7 76.0±1.0 

Methanol and 2% of acetic acid 85.0±2.6 86.0±2.0 85.3±2.1 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7 Effect of the type of desorption solvent on the recovery of sulfonamides using 

the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 
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3.4.2 Effect of ionic strength of sample solution 

 The ionic strength of the aqueous sample solution can affect the adsorption of 

sulfonamides by reducing solubility. In this work, the effect of ionic strength was 

investigated by adding different concentrations of NaCl to the sample solution. The 

NaCl concentrations were 0.0, 1.0, 2.0, 5.0 and 10.0 % w/v. Extraction recoveries 

increased with increments of NaCl up to 5.0 % w/v and decreased at 10 %w/v (Table 

7 and Fig. 3.8) since sodium and chloride ions can disturb the binding between 

sulfonamides and recognition sites of the adsorbent. Thus, 5.0 % w/v NaCl was 

dissolved in the sample solution before sulfonamides were extracted with the developed 

adsorbent.    

 

Table 7 The extraction recoveries of sulfonamides using different amount of NaCl  

Amount of NaCl 

(%w/v) 

Recovery (%) ± SD 

SDZ SMT SDM 

0 41.4±3.7 42.5±3.6 50.2±5.5 

1 63.3±3.5 66.3±1.5 74.7±2.5 

2 77.7±1.5 79.7±2.1 81.0±2.6 

5 90.3±2.3 92.7±2.5 96.0±2.6 

10 77.7±1.5 78.3±1.5 81.7±1.5 
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Fig. 3.8 Effect of ionic strength (NaCl) of sample solution on the extraction of 

sulfonamides using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent 

 

3.4.3 Effect of desorption solvent volume 

 The effect of desorption solvent volume was also evaluated. The mixture of 

methanol and 2.0 % acetic acid was used at volumes of 1.0, 2.0, 4.0, and 6.0 mL.               

A volume of 2.0 mL was enough to desorb all target sulfonamides from the 

nanocomposite adsorbent (Table 8 and Fig. 3.9). Therefore, 2.0 mL of desorption 

solvent was selected for further experiments.  
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Table 8 The extraction recoveries of sulfonamides using different desorption volume  

Desorption 

volume (mL) 

Recovery (%) ± SD 

SDZ SMT SDM 

1 60.3±1.5 61.0±2.6 62.7±2.5 

2 85.7±2.1 89.0±1.0 89.3±1.5 

4 89.0±1.0 89.3±2.1 91.3±1.2 

6 88.3±1.5 91.0±1.7 93.7±3.5 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9 Effect of desorption solvent volume on the desorption of sulfonamides using 

the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 

 

3.4.4 Effect of desorption time 

The desorption of sulfonamides from the nanocomposite adsorbent was 

performed under ultrasonication. Therefore, sonication duration was optimized. 

Desorption was evaluated at ultrasonication times of 10, 20, 30, and 40 min using 2.0 

mL of a mixture of methanol and 2% acetic acid. The recovery increased with time and 

reached a maximum at 30 min (Table 9 and Fig. 3.10), which implied that all adsorbed 
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sulfonamides were completely desorbed from the hierarchical nanocomposite 

adsorbent. Thus, sonication was performed for 30 min to desorb the target sulfonamides 

from the nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent.   

 

Table 9 The extraction recoveries of sulfonamides using different desorption time  

Desorption time 

(min) 

Recovery (%) ± SD 

SDZ SMT SDM 

10 39.0±3.6 40.3±2.5 41.0±2.6 

20 72.3±3.8 71.7±3.8 82.3±5.9 

30 88.7±1.5 90.7±2.1 92.0±2.0 

40 90.0±2.6 91.3±2.1 90.3±1.5 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 Effect of sonication time on the desorption of sulfonamides using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 
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3.4.5 Sample volume 

The effect of the sample solution volume was investigated since it normally 

influences the extraction efficiency of target analytes and the enrichment factor. Large 

sample volumes produce high enrichment factors, however, too large a sample volume 

can reduce the extraction efficiency of the adsorbent. In this work, the effects of sample 

volumes ranging from 5 to 20 mL were evaluated.  The recovery of sulfonamides 

decreased when sample volume exceeded 15 mL (Table 10 and Fig. 3.11) since the 

ratio of adsorbent to sample volume was too low. Considering the enrichment factor 

and extraction recovery of sulfonamides, a sample volume of 15 mL was chosen for 

further experiments. 

 

Table 10 The extraction recoveries of sulfonamides using different sample volume  

Sample volume (mL) 
Recovery (%) ± SD 

SDZ SMT SDM 

5.0 86.7±1.5 88.7±1.5 89.3±0.6 

10.0 86.3±1.5 87.0±1.0 87.7±0.6 

15.0 85.6±3.0 89.3±0.6 88.0±1.7 

20.0 68.7±1.5 68.7±1.5 67.7±3.1 
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Fig. 3.11 Effect of sample volume on the extraction of sulfonamides using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 

 

3.4.6 Effect of stirring rate of sample solution 

 The stirring rate of the sample solution typically affects the efficiency of d-

MSPE. In this work, the stirring rate of the sample solution was varied from 500 to 

1500 rpm. The extraction recovery was higher at 750 rpm than at 500 rpm and was 

lower at stirring rates above 750 rpm (Table 11 and Fig. 3.12). The reduced recovery 

at the higher stirring rates may be due to reduced contact between the adsorbent and 

target molecules. Moreover, higher stirring rates can damage adsorbents and affect 

reusability. Thus, the stirring rate of 750 rpm was selected for the adsorption of target 

sulfonamides with the nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent. 
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Table 11 The extraction recoveries of sulfonamides using different stirring rate  

Stirring rate (rpm) 
Recovery (%) ± SD 

SDZ SMT SDM 

500 81.3±1.5 82.3±2.1 81.7±2.1 

750 88.7±1.5 89.3±3.2 87.3±2.9 

1000 71.7±2.1 72.0±1.0 73.0±4.0 

1250 63.7±3.2 62.0±3.6 66.0±3.0 

1500 56.1±0.8 59.3±2.1 57.0±2.0 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 Effect of stirring rate of sample solution on the adsorption of sulfonamides 

using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2NH2@MIP adsorbent 

 

 



33 

 

 

3.4.7 Effect of sample pH 

The effect of sample pH is an important factor in the extraction process since 

the ionization and solubility of sulfonamides is affected by the pH of the sample 

solution. The sample pH was varied from 4 to 8 and the results are shown in Table 12 

and Fig. 3.13. Recoveries were low at pH 4 and was not significantly different from 

pH 5 to pH 8. The low recovery at pH 4 may be due to the disruption of analyte-

adsorbent binding by hydrogen ions in the elevated acidic condition. However, in this 

work, the pH of milk and water samples were between 5 and 8, and therefore sample 

pH adjustment was not required. 

  

Table 12 The extraction recoveries of sulfonamides using different sample pH  

Sample pH 
Recovery (%) ± SD 

SDZ SMT SDM 

4 63.3±3.5 64.0±3.6 65.7±1.2 

5 86.0±1.0 87.7±0.6 88.3±1.2 

6 86.3±1.5 87.3±1.5 89.0±1.0 

7 86.7±1.1 86.7±2.1 88.7±1.5 

8 84.7±1.1 85.3±1.5 88.0±2.0 
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Fig. 3.13 Effect of sample pH on the extraction efficiency of sulfonamides using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 

 

3.4.8 Effect of extraction time 

Since the contact time between adsorbent and analytes is an important factor in 

the d-MSPE, the effect of contact time between the sulfonamides and the 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent was investigated. 

Contact time was varied from 10 to 60 min. The extraction recovery increased from 10 

to 30 min and extraction recovery remained almost constant at longer extraction times 

(Table 13 and Fig. 3.14). Thus, the extraction of sulfonamides with the developed 

adsorbent was performed for 30 min. 
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Table 13 The extraction recoveries of sulfonamides using different extraction time  

Extraction time 

(min) 

Recovery (%) ± SD 

SDZ SMT SDM 

10 34.4±5.9 34.3±5.8 37.0±5.2 

20 61.0±4.6 58.7±2.3 59.3±3.1 

30 89.0±1.0 89.7±2.5 90.3±3.2 

40 88.3±2.1 91.0±4.6 90.7±2.1 

60 84.7±0.6 86.0±2.0 86.7±2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14 Effect of extraction time on the recovery of sulfonamides using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 
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The optimization of the d-MSPE using the hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent for the determination of sulfonamides 

are summarized in Table 14. 

 

 Table 14 The optimization of d-MSPE for the determination of sulfonamides  

 

 

 

 

 

Parameters Investigated values Optimum condition 

Type of adsorbent Fe3O4-SiO2-NH2@NIP 

ZnO@CF@Fe3O4-SiO2-NH2@NIP 

Fe3O4-SiO2-NH2@MIP 

ZnO@CF@Fe3O4-SiO2-NH2@MIP 

ZnO@CF@Fe3O4-

SiO2-NH2@MIP 

Type of desorption solvent Acetonitrile, methanol, ethyl acetate, 

acetone, 

methanol and 1% of acetic acid 

methanol and 2% of acetic acid 

acetonitrile and 2% of acetic acid 

ethyl acetate and 1% of acetic acid 

ethyl acetate and 2% of acetic acid 

Methanol and 2% of 

acetic acid 

 

Salt addition (%w/v) 0.0, 1.0, 2.0, 5.0, 10.0 5.0 

Desorption volume (mL) 1, 2, 4, 6 2 

Desorption time (min) 10, 20, 30, 40 30 

Sample volume (mL) 5, 10, 15, 20 15 

Stirring rate (rpm) 500, 750, 1000, 1250, 1500 750 

Amount of adsorbent (mg) 25, 50, 100, 150 50 

Sample pH No, 4, 5, 6, 7, 8 No effect 

Extraction time (min) 10, 20, 30, 40, 60 30 
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3.5 Analytical Performances 

The analytical performances of the developed hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent coupled with HPLC-DAD were 

evaluated including linearity, LOD, LOQ, enrichment factor (EF) and repeatability.  

3.5.1 Linearity, limit of detection (LOD) and limit of quantification (LOQ) 

For the quantitative analysis, the linearity of an analytical method is vital. It is 

defined as the method's ability to produce results that are proportional to the 

concentrations of the analytes in the sample. The linearity was investigated using 

standard solutions of sulfadiazine, sulfamethazine and sulfadimethoxine in the 

concentration ranged of 2.0 to 150 µg L− 1 (Each concentration was performed in 

triplicate). The linearity was plotted between the peak area versus the concentration of 

analytes and it is achieved the coefficient of determination (R2) is equal or greater than 

0.99 which was shown in Table 15. 

Limit of detection (LOD) is the lowest amount of analyte in a sample that can 

be reliably detected and identified. LOD can be determined based on the signal-to-noise 

ratio. It is calculated by comparing the signal from sample measurement with a known 

low concentration of analyte and blank sample. Then, the minimum concentration is 

established. Usually, a signal-to-noise ratio of 3:1 or S/N ≥3 is accepted (ICH, 1999). 

The LOD of the developed method was 2.0 µg L-1 as showed in Table 15. 

Limit of quantitation (LOQ) can be defined as the lowest amount of analyte that 

can be determined. The determination should be done quantitatively with acceptable 

precision and accuracy. LOQ can be calculated based on signal-to-noise ratio. It is 

calculated by comparing the signal of sample with very low and know concentration of 

analyte with the blank samples. Then, it can be established which one analyte that is 

reliable. The signal-to-noise ratio of 10:1 or S/N ≥10 is accepted (ICH, 1999). The LOQ 

of the developed method was 5.0 µg L-1 as showed in Table 15. 
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Table 15 The analytical performances for the extraction and determination of 

sulfonamides using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent  

 

3.5.2 Enrichment factor (EF) and repeatability 

Enrichment factors were calculated from the ratio of the concentration of each 

sulfonamide after extraction to the initial concentration of the sample solution  

(EF = CMSPE/C0). The enrichment factor for sulfadiazine, sulfamethazine and 

sulfadimethoxine were 12.6, 12.8 and 13.9, respectively. The evaluation of the 

repeatability was based on intra-day and inter-day precision. The RSD of intra-day and 

inter-day precisions were investigated within one day and six different days. These 

results indicated outstanding repeatability of the developed approach. The results are 

presented in Table 16.  

 

Table 16 The enrichment factor (EF) and repeatability for the extraction and 

determination of sulfonamides using the hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent  

 

Analytes 
Linear 

range 
Calibration curve R2 

LOD 

(g L-1) 

LOQ 

(g L-1) 

SDZ 2.0-150 y = 0.0440x-0.0006 0.9975 2.0 5.0 

SMT 2.0-150 y = 0.0646x-0.0440 0.9996 2.0 5.0 

SDM 2.0-150 y = 0.0867x-0.0721 0.9987 2.0 5.0 

Analytes Enrichment factor 

Repeatability 

Intra-day (n=6) 

(RSD %) 

Inter-day (n=6) 

(RSD %) 

SDZ 12.6 4.0 5.4 

SMT 12.8 3.4 5.0 

SDM 13.9 4.4 5.4 
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3.5.3 Reusability  

The reusability of the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent was investigated by repeated the extraction of sulfonamides in 

milk. To eliminate any carry-over effect, the used adsorbent was cleaned before the 

next extraction by washing with 2.0 mL methanol and DI water, respectively. The 

developed adsorbent can be reused up to 5 times before the recovery of sulfonamides 

falls below 80 % (Table 17 and Fig. 3.15). The decreasing of extraction recovery after 

5 extraction cycles may be due to the loss of adsorption material during the washing 

step and the possible adsorption through non-specific interaction of some interferences. 

The developed composite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent for the 

extraction of sulfonamides in real samples can be effectively used for 5 adsorption-

desorption cycles. 

 

Table 17 The extraction recoveries of sulfonamides using the hierarchical 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent  

Extraction 

cycles 

Recovery (%) ± SD 

SDZ SMT SDM 

1 86.3±1.5 89.7±0.6 89.0±1.0 

2 86.3±1.5 89.7±3.8 90.7±3.8 

3 86.7±3.1 88.0±2.6 89.3±2.5 

4 88.0±5.6 89.0±3.0 89.0±5.6 

5 86.0±2.0 86.0±1.7 85.3±2.1 

6 76.3±2.5 74.0±3.6 74.3±3.1 
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Fig. 3.15 The reusability of the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent for the extraction and determination of sulfonamides 

 

3.5.4 Comparison with C18 sorbent 

The extraction efficiency of the ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 

toward the target sulfonamides was compared with the efficiency of a commercial C18 

SPE sorbent. The developed adsorbent achieved recoveries from 91.6 to 96.0 % and the 

C18 adsorbent achieved recoveries from 85.7 to 88.0% (Fig. 3.16). The developed 

adsorbent performs well and has excellent selectivity. It is also simple, convenient and 

rapid to use. The developed adsorbent can be applied to determine sulfonamides in 

complex samples. 
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Fig. 3.16 Recoveries of sulfonamides using the hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP and a C18 adsorbent 

 

3.5.5 Analysis of sulfonamides in milk and water samples  

The developed hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP 

adsorbent was applied to extract and determine sulfonamides in milk and aquaculture 

water samples. Concentrations of sulfadiazine found in some samples lower than the 

maximum residue limits (Table 18). The accuracy was also determined by spiking 

standard sulfonamides in real samples at 10, 20 and 50 g L-1. The accuracy was 

evaluated in terms of relative recovery, which was calculated according to the following 

equation:  

Relative recovery (%) = (CT-CS)/CSpike *100, where CT is the total sulfonamides in the 

sample after spiking with the standard, CS is the concentration of residual sulfonamides 

in the sample, and CSpike is the concentration of sulfonamides spiked in the sample. The 

relative recoveries from the milk samples ranged from 84.3 to 96.2 % and water 

samples from 85.4 to 96.0 %. The RSDs ranged from 2.4 to 6.2%. The HPLC 

chromatograms for a milk sample, standard sulfonamides, and a spiked milk sample  

are shown in Fig. 3.17.  
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Fig. 3.17 Chromatograms show sulfonamides extracted from a real milk sample (a), 

standard sulfonamides solution (b), and a spiked milk sample (c) 
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Table 18 The determination of sulfonamides in milk and water samples using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent coupled 

with HPLC-DAD 

 

 

Sample 
Added 

(g kg-1) 

SDZ SMT SDM 

F 

(g L-1) 

RR 

(%) 

RSD 

(%) 

F 

(g L-1) 

RR 

(%) 

RSD 

(%) 

F 

(g L-1) 

RR 

(%) 

RSD 

(%) 

Milk 1 

0.00 - - - - - - - - - 

10.0 8.43 84.3 5.9 8.55 85.5 5.1 9.26 92.6 5.3 

20.0 18.12 91.0 4.8 17.21 86.0 4.8 18.90 94.5 5.1 

50.0 46.90 93.8 2.9 42.89 85.8 3.9 48.10 96.2 2.9 

Milk 2 

0.00 - - - - - - - - - 

10.0 8.44 84.4 4.8 9.30 93.0 5.9 9.01 90.1 4.0 

20.0 18.39 91.9 3.9 17.42 87.1 4.6 18.45 92.3 3.8 

50.0 45.20 90.4 2.4 43.98 88.0 3.0 46.10 92.2 1.8 

Milk 3 

0.00 2.50 - 5.0 - - - - - - 

10.0 11.89 93.9 4.8 9.03 90.3 5.6 8.67 86.7 5.0 

20.0 21.09 93.0 4.5 18.90 94.5 4.8 17.90 89.5 4.3 

50.0 49.80 94.6 4.0 46.09 92.2 4.6 45.98 92.0 2.6 

Water 1 

0.00 2.05 - 4.0 - - - - - - 

10.0 11.05 90.0 3.8 8.67 86.7 4.0 8.90 89.0 4.2 

20.0 20.10 90.2 3.5 17.87 89.4 3.7 18.08 90.4 2.6 

50.0 50.05 96.0 3.5 46.80 93.6 3.8 47.0 94.0 3.0 

Water 2 

0.00 - - - - - - - - - 

10.0 8.69 86.9 6.0 8.65 86.5 5.9 8.90 89.0 6.2 

20.0 18.21 91.1 4.8 19.03 95.1 4.5 17.43 87.1 3.9 

50.0 45.90 91.8 3.0 45.89 91.8 4.0 45.00 90.0 4.0 

Water 3 

0.00 - - - - - - - - - 

10.0 8.78 87.8 5.8 8.56 85.6 4.6 8.68 86.8 5.6 

20.0 17.89 89.4 4.8 17.08 85.4 4.2 18.08 90.4 3.8 

50.0 45.60 91.2 4.5 45.89 91.8 4.3 47.05 94.1 3.6 
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3.5.6 Comparison with other works 

The analytical performances of the developed method were compared with 

those of other methods previously reported for the extraction and determination of 

sulfonamides. The comparison is summarized in Table 19. The developed method 

provided comparable or better extraction recoveries than other methods. The LOD of 

the developed method is also comparable with other methods. In addition, the 

developed nanocomposite adsorbent is highly specific for sulfonamides which enables 

its application in a variety of matrix samples. Thus, the developed hierarchical 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent presents a highly 

effective and selective alternative method of extracting sulfonamides, which is also 

simple, rapid and convenient to perform.
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Table 19 The analytical method for the determination of sulfonamides in various samples 

 

MSPE = magnetic solid phase extraction, SLE = solid liquid extraction, SPE = solid phase extraction, d-MSPE = dispersive 

magnetic solid phase extraction, DLLME = liquid liquid micro-extraction: DAD = diode array detection, UV = ultra-violet 

detection, Fe3O4–GOx = Fe3O4–graphene oxide, CoFe2O4-graphene = graphene-based magnetic nanocomposite, MIP = 

molecularly imprinted polymer, pGMA =poly(glycidyl methacrylate), A-MNPs = amino-functionalized magnetic nanoparticles, 

MGO@mSiO2 = magnetic graphene oxide, VTTS-MGO@mSiO2 = magnetic graphene oxide modified with vinyl groups, LPME 

= liquid phase microextraction, YS-Fe3O4@GC = yolk-shell Fe3O4@graphitic carbon, MCNs = magnetic carbon nanocomposite 

Extraction method Method Extractant Sample 
Sample 

amount 

Elution 

volume 

(mL) 

LOD 

(µg L-1) 
Recovery (%) References 

MSPE HPLC-DAD Fe3O4–GOx Water 1 mL 1 0.05-0.10 67.4-119.9 (P. Shi & Ye, 2014) 

MSPE HPLC-UV CoFe2O4-graphene Milk 1.5 mL 0.5 1.16-1.59 62.0-104.3 (Y. Li et al., 2015) 

MSPE HPLC-UV MIP-pGMA@A-MNPs Feed 7 g 2 16 89.3-107.0 (Feng et al., 2016) 

SLE HPLC-DAD MeOH and ACN Shrimp 1 g 0.5 8.4-10.9 81.6-116.8 (Charitonos et al., 2017) 

SPE HPLC-DAD Sol-gel/MIP Milk 1 g 2 1.9-13.3 85.8-109.2 (Kechagia et al., 2018) 

SPE HPLC-UV MIP Soil 10 mL 1 1.0 95.0-105.0 (Zhu et al., 2019) 

SPE HPLC-DAD VTTS-MGO@mSiO2/MIP Water 50 mL 2 0.010-0.014 87.4-102.3 (Fan et al., 2020) 

d-MSPE HPLC-UV YS-Fe3O4@GC Milk 25 mL 1.8 0.11-0.25 77.2-118.0 (Liu et al., 2020) 

MSPE-i- DLLME HPLC-DAD MCNs Food stuffs 100 mL 1 0.01-5 70.0-90.0 (Yazdanfar et al., 2021) 

MSPE HPLC-DAD 
ZnO@CF@Fe3O4-SiO2-

NH2@MIP 

Milk and 

water 
15 mL 2 2.0 84.3-96.2 This work 
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3.5.7 Adsorption kinetics  

Pseudo-first order (PFO) and pseudo-second order (PSO) models were used to 

investigate the adsorption kinetics between the developed hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent and the target sulfonamides. The PFO 

model describes the adsorption of sulfonamides onto the nanocomposite adsorbent 

according to the following equation: 

 

 

By plotting log (qe – qt) versus t, the first-order rate constant k1 and the equilibrium 

capacity (qe) can be estimated from the slope and intercept, respectively. 

The PSO model is based on the amount of sulfonamides on the nanocomposite 

adsorbent according to following equation: 

 

 

where qt (mg g-1) is the amount of adsorbed analyte at a given time and qe (mg g-1) is 

the equilibrium adsorption capacity. By plotting t/qt versus t, the second-order rate 

constant (k2) and the equilibrium capacity (qe) are obtained from the intercept and slope, 

respectively.  

 It can be seen that the coefficient of determination (R2>0.999) of fitting with the 

PSO model are better than the R2 values of fitting with the PFO model (Table 20). 

These results confirmed that the adsorption kinetics are governed by chemisorption.  
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Table 20 The linear regression of the pseudo-first order and pseudo-second order 

models for the adsorption of three target sulfonamides using the hierarchical 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 

Analyte 

Coefficient of determination (R2) 

Pseudo-first order Pseudo-second order 

SDZ 0.0393 0.9999 

SMT 0.0100 0.9991 

SDM 0.0079 0.9992 

 

4. Concluding remark 

A novel hierarchical nanocomposite adsorbent was successfully designed and 

fabricated using zinc oxide, carbon foam, silica-coated magnetite nanoparticles, and 

molecularly imprinted polymer. The fabricated adsorbent was used for the extraction 

and determination of sulfonamides. The nanocomposite of zinc oxide and carbon foam 

exhibited a high adsorption ability, the molecularly imprinted polymer was highly 

specific toward the target molecules, and the magnetite nanoparticles enabled simple 

isolation of the adsorbent. The developed method achieved good recoveries  

(84.3-96.2%) of sulfonamides and exhibited good selectivity and repeatability. The 

nanocomposite adsorbent is simple to fabricate, convenient to use, rapid, and its 

stability allows reuse. The developed approach can be modified and applied to extract 

and determine other compounds in various sample matrices.   
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 Fig. S1 Chemical structure of three target sulfonamides (sulfadiazine, 

sulfamethazine, sulfadimethoxine) 

 

Fig. S2 FT-IR spectra of ZnO@CF (a), Fe3O4-SiO2-NH2 (b) and the hierarchical 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (c) 

Sulfamethazine, SMT Sulfadiazine, SDZ Sulfadimethoxine, SDM 



67 

 

 

 

Fig. S3 Effect of the hierarchical nanocomposite ZnO@CF@Fe3O4@SiO2-

NH2@MIP adsorbent dosage on the extraction of sulfonamides (n=3). 

 

Fig. S4 Effect of extraction time on the recovery of target sulfonamides using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3).  
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Fig. S5 Effect of the type of desorption solvent on the recovery of sulfonamides with 

the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3).   
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Fig. S6 Effect of desorption solvent volume on the desorption of sulfonamides from the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3).   

 

Fig. S7 Effect of sonication time on the desorption of adsorbed sulfonamides from the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3). 
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Fig. S8 Effect of sample solution volume on the extraction of sulfonamides using the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3).  
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Fig. S9 Effect of solution stirring rate on the adsorption of sulfonamides on the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3).   
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Fig. S10 Effect of sample solution ionic strength (NaCl) on the extraction of 

sulfonamides using the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent (n=3).   
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Fig. S11 Effect of sample pH on the extraction efficiency of sulfonamides with the 

hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent (n=3). 

 

Fig. S12 Recoveries of sulfonamides using the proposed hierarchical nanocomposite 

ZnO@CF@Fe3O4-SiO2-NH2@MIP and a C18 adsorbent (n=3). 
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Fig. S13 The stability of the hierarchical nanocomposite ZnO@CF@Fe3O4-SiO2-

NH2@MIP adsorbent for the extraction and determination of sulfonamides (n=3). 

 

Table S1 The linear regression of the pseudo-first-order and pseudo-second-order 

models for the adsorption of three target sulfonamides on the hierarchical 

nanocomposite ZnO@CF@Fe3O4-SiO2-NH2@MIP adsorbent 

Analyte 

Coefficient of determination (R2) 

Pseudo-first-order Pseudo-second-order 

SDZ 0.0393 0.9999 

SMT 0.0100 0.9991 

SDM 0.0079 0.9992 
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