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a b s t r a c t

In this study, two novel spherical/hollow metal-organic frameworks were successfully synthesized, and

further modified by a mild non-covalent modification strategy with dopamine and 1,4-benzenedithiol

(BDT) as polymeric monomers to obtain pBDT@PDA-Ni-MOF and pBDT@PDA-Ni/Co-MOF, respectively. The

results showed that the above MOFs possessed extremely fast adsorption rates and ideal adsorption ca-

pacities for sulfonamides (SAs) and the modified MOFs exhibited enhanced adsorption capacities for SAs

owing to a large number of additional functional groups. Then, benefit of their regular morphology and

size, a facile syringe-assisted dispersive solid phase extraction (S-DSPE) method was developed for effi-

cient detection of SAs, which will provide a powerful tool for monitoring trace level of SAs in aqueous

environment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

High speed development and operation of modern industry and

agriculture could not be achieved without the use of synthetic

drugs [1–3]. Sulfonamides (SAs) are widely used in livestock and

aquaculture due to its stable nature, good antibacterial effect and

low price as an antibiotic [4,5]. However, the knowledge of the tox-

icological nature of SAs, as well as the large-scale contamination

that occurred in the past due to long-term abuse, has led to the

recognition of their non-negligible negative effects [6,7]. Despite

the fact that various countries and regions have established rele-

vant laws and regulations to limit them over time, rigorous moni-

toring still requires effective detection methods to guarantee it [8].

Several innovative analytical strategies have been reported

for the detection of SAs, such as immunoassays, chemosensing,

etc. [9–14]. Nevertheless, due to the lack of broad generalizabil-

ity, high performance liquid chromatography (HPLC) continues to

be the primary method of detection in conventional laborato-

ries/analytical institutions [15]. Because of the complexity of the
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actual sample matrix and the low SAs concentration, appropriate

pre-treatment procedures are required to eliminate interferences

and enrich trace analytes [16,17]. Compared to the conventional

liquid-liquid extraction with tedious steps [18–20], dispersive solid

phase extraction, magnetic solid phase extraction and other solid

phase extraction derivative techniques are highly sought after ow-

ing to their efficiency, simplicity and reliability [21–23].

Excellent sorbent performance was essential in solid phase ex-

traction [24,25]. Metal organic frameworks (MOFs) as crystalline

porous materials consisting of metal ions or metal clusters self-

assembled with organic complexes via strong coordination interac-

tion, have unique advantages and great potential in adsorption and

separation fields due to their extreme structural diversity and des-

ignability [26,27]. Over the years, many types of MOFs have been

used for the adsorptive extraction of organic pollutants [28–31].

Among them, many MOFs existed adverse adsorption selectivity,

slow adsorption rate and poor chemical stability thus limiting their

use in pretreatments [32–35].

How can one promote the application of MOFs adsorbents in

relative fields? Further modulation to synthesize, and select suit-

able new MOFs or appropriate functional modifications to enhance

existing MOFs are worth considering [36–38]. The morphology
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Scheme 1. Preparation of spherical Ni-MOF, hollow Ni/Co-MOF and copolymer modification.

and structure of MOFs are affected by many factors. Even when

the same metal ions and organic ligands are used, the conditions

such as the ratio, reaction solvent and synthesis temperature are

changed to synthesize framework materials with different topolo-

gies, pore sizes and morphologies [39–42], and their properties are

different. Using chemical modifications to increase the functional

groups for enhancing the adsorption performance of MOFs is a

great strategy, but some previous work indicated this is actually

difficult [43]. Chemical modification could destroy the crystalline

structure of MOFs very easily, even if the modification success-

ful, the functional group content remains little. In contrast, using

polymeric monomers to undergo in-situ polymerization to produce

autopolymers is a simple but quite effective modification strategy.

Polymer coatings have good stability and resistance to acids and

bases, giving materials rich functional groups while also providing

some protection [44,45].

In this work, we used nickel ions and trimesic acid as

raw materials for preparing MOFs, by adding the surfactant

polyvinylpyrrolidone (PvP) in reaction solvent, modulated and syn-

thesized the unique morphological spherical Ni-MOF. By doping

cobalt ions in the metal ions, the hollow structure of Ni/Co-

MOFs were synthesized. Then, via a mild non-covalent modifi-

cation strategy, using dopamine and 1,4-benzenedithiol (BDT) as

polymeric monomers, accomplished the functional modification

of the above MOFs. The preparation and modification process of

spherical/hollow MOFs were shown as Scheme 1. To prove the ma-

terials successful preparation, SEM was used to observe the mi-

croscopic morphology. The addition of surfactant PvP resulted in

the synthesized Ni-MOF have regular spherical shape (Fig. S1a in

Supporting information), and were solid, possessed homogeneous

size at around 2μm. Subsequently, the synthesized Ni/Co-MOFs

doped with different ratios of cobalt ions were also character-

ized. As presented in Figs. S1b-f (Supporting information), dop-

ing the cobalt ions produced hollow structures, and the outer wall

thickness of Ni/Co-MOFs showed a decreasing trend when addition

amount increased. When adding too much Co2+, the products ob-

tained are broken and irregularly shaped. And the morphology of

the modified pBDT@PDA-Ni-MOF and pBDT@PDA-Ni-MOF was also

observed. As shown in SEM (Figs. 1a and b) and TEM (Figs. 1c and

d), it can be seen that the obvious polymer coating. The copoly-

mers formed by the self-polymerization of dopamine and BDT uni-

formly cover the surface of MOFs, indicating that the modification

strategy is feasible.

Fig. 1. SEM of (a) pBDT@PDA-Ni-MOF and (b) pBDT@ PDA-Ni/Co-MOF. TEM of (c)

pBDT@PDA-Ni-MOF and (d) pBDT@ PDA-Ni/Co-MOF.

Fig. 2a exhibits the actual images of prepared MOFs, and the

color changes significantly comparing before and after modifica-

tion, but both present fluffy powder-like and with strong electro-

static force. Then, their crystalline phases were analyzed by XRD

diffractometer (Fig. 2b). The spherical Ni-MOF possesses distinct

diffraction peaks at 9.15°, 12.60°, 16.11°, 25.38°, 28.50°, 32.25°,
36.82° and 42.18°, which have a similar XRD result to other Ni-

MOFs formed as described in the literature by nickel ions and

trimesic acid [46]. Interestingly, the hollow spherical Ni/Co-MOF

also has the same crystal diffraction peak position. And after sur-

face modification of the pBDT@PDA-Ni-MOF and pBDT@PDA-Ni/Co-

MOF, they maintain the position of characteristic peaks, but the

peak intensity is slightly decreased. It indicates that the polymer

modification process indeed did not disrupt the crystalline and

structure.

The pBDT@PDA-Ni/Co-MOF was selected for elemental map-

ping (Fig. S2c in Supporting information) and EDS analysis (Fig.

S2e in Supporting information) which shows the characteristic

elements of C, N, O, S, Ni, and Co. It indicates that the com-

posite polymers were successfully modified on the surface. Se-

lected area electron diffraction (SAED) analysis was performed for

pBDT@PDA-Ni/Co-MOF (Fig. S2d in Supporting information), but

the results showed a disk-like scattering circle. Therefore, the un-

modified Ni/Co-MOF was characterized by high resolution trans-
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Fig. 2. (a) Actual images of synthetic materials. (b) XRD patterns, (c) FT-IR spectra,

and (d) N2 adsorption-desorption isotherms of Ni-MOF, Ni/Co-MOF, pBDT@PDA-Ni-

MOF and pBDT@PDA-Ni/Co-MOF.

mission electron microscopy (HRTEM) and SEAD (Figs. S2a and b

in Supporting information) where it can be seen that Ni/Co-MOF

possesses clearly delineated lattice stripes. The electron diffrac-

tion pattern at this point has spots and ring-like circles, indicat-

ing that the synthesized MOFs have regular crystal shapes. This

corresponds to the XRD characterization results. The difference

in electron diffraction results probably caused by polymer surface

modifications.

Fig. 2c showed the FTIR spectra of the four MOFs materials. The

absorption peaks at 1715.8 cm−1 and 1375.2 cm−1 are from the

C=O, C–O stretching vibrations of the organic ligand (carboxylic

acid), 1633.8 cm−1 and 1579.9 cm−1 from the stretching vibra-

tions of the benzene ring backbone, respectively [47,48]. In addi-

tion, the modified pBDT@PDA-Ni-MOF and pBDT@PDA-Ni/Co-MOF

have distinct C-S vibrational peaks at 1024 cm−1, and characteris-

tic peaks of N–H and weak S-S disulfide bonds were also observed

at 3604.8 cm−1 and 532.3 cm−1, respectively. X-ray photoelectron

spectra (XPS) was used to further analyze the chemical bonding

states, and detailed explanations follow in Supporting information.

In particular, the detailed spectrum of nitrogen is shown in Fig.

S3f (Supporting information), where the peak at 399.9 eV comes

from the formation of pyrrole nitrogen following the polymeriza-

tion of dopamine. In Fig. S3g (Supporting information), 163.9 eV

belongs to the characteristic peak of the thiol/disulfide benzene se-

ries, while 165.7 and 167.3 eV belong to the characteristic peaks of

partial thiol oxide. The detailed spectra of nitrogen and sulfur re-

veal that oxidative autopolymerisation of dopamine and BDT oc-

curs indeed.

The surface area, pore volume and pore size are the impor-

tant parameters of adsorbents, therefore the prepared materials

were tested by the Brunauer-Emmet-Teller (BET) method. The N2

adsorption-desorption isotherms are shown in Fig. 2d, and the

SBET collected for Ni-MOF was 167.63 m2/g (Table S1 in Sup-

porting information), compared to that of Ni/Co-MOF which was

199.52 m2/g. And their pore volumes were 0.401 cm3/g and 0.449

cm3/g, respectively. The pore size was 9.61nm and 15.24nm (Fig.

S9 in Supporting information), respectively. The N2 adsorption-

desorption curves of Ni-MOF and Ni/Co-MOF can be classified as

IV-type isotherms and have H2b-type hysteresis loops, which in-

dicates that the prepared MOFs belong to mesoporous materi-

als and possess wide mesopore distribution. After polymerization

modification, the surface area of the MOFs decreased obviously.

The SBET of pBDT@PDA-Ni-MOF and pBDT@PDA-Ni/Co-MOF were

Fig. 3. (a) S-DSPE procedures. (b) The total sorption of four MOFs in mixed sorp-

tion experiment, and (c) the enrichment recoveries of 50μg/L SAs mixed samples in

extraction of four MOFs.

68.65 m2/g and 61.35 m2/g, respectively, while the pore volumes

were declined to 0.173 cm3/g and 0.244 cm3/g, respectively.

The four synthesized MOFs were investigated for adsorption ex-

periments. First, the adsorption isotherm experiments were per-

formed at different initial concentrations. The equilibrium adsorp-

tion amount of SAs in mixed mode are shown in Fig. 3b, the total

adsorption is 60.57mg/g for Ni-MOF, 76.11 mg/g for pBDT@PDA-Ni-

MOF, 64.01 mg/g for Ni/Co-MOF and 83.48 mg/g for pBDT@PDA-

Ni/Co-MOF, respectively. Compared to unmodified, the modified

MOFs both have a greater improvement in adsorption performance

on SAs, despite the decrease in their surface area and pore ca-

pacity. In particular, pBDT@PDA-Ni/Co-MOF possess the maximum

adsorption capacity, and the adsorption amounts of sulfadiazine,

sulfathiazole, sulfamerazine, sulfamethazine, sulfamethoxazole, sul-

fisoxazole and sulfadimethoxine were 14.64, 11.96, 11.15, 10.33,

11.94, 13.35 and 9.79mg/g, respectively.

The Langmuir and Freundlich models were used to analyze

the experimental results for possible adsorption mechanisms. The

equations are presented in Supporting information, and the de-

tailed parameters of four MOFs adsorbents are given in Table S3

(Supporting information). Taking pBDT@PDA-Ni/Co-MOF as an ex-

ample, Fig. S4a (Supporting information) shows the equilibrium

adsorption of seven sulfonamide mixes at concentrations of 1, 2.5,

5, 10, 20, 25, 50, 75 and 100mg/L. Figs. S4b and c (Supporting in-

formation) show the linear Langmuir and Freundlich fitting results,

respectively. In Table S3, n values for all seven SAs in Freundlich

are above 2, indicating that pBDT@PDA-Ni/Co-MOF is prone to

adsorption of SAs. The theoretical saturation maximum adsorp-

tion capacities Qm (mg/g) for sulfadiazine, sulfathiazole, sulfam-

erazine, sulfamethazine, sulfamethoxazole, sulfisoxazole and sul-

fadimethoxine were calculated according to the Langmuir model as

15.01, 12.49, 11.60, 11.44, 12.17, 14.24 and 10.03mg/g, which is close

to the experimental values. Compared the correlation linearity of

the two models, the Freundlich correlation coefficient R2 ranged

from 0.884 to 0.950, while the langmuir correlation coefficient R2

was 0.982–0.998. In comparison, the latter matched the equilib-

rium adsorption results better. It means that the adsorption pro-

cess conforms to the monolayer adsorption hypothesis more.

In order to further explore the mechanism and possible steps of

rate control in the adsorption process, pBDT@PDA-Ni/Co-MOF was

selected to investigate the adsorption kinetics of mixed samples of
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SAs at 50mg/L initial concentration. Fig. S4d (Supporting informa-

tion) shows the SAs adsorption capacity Qt (mg/g) in relation to

time, where the seven SAs were rapidly adsorbed in the shortest

time, and the adsorption equilibrium started to be gradually sati-

ated around 15min. Figs. S4e and f (Supporting information) shows

fit results for the linear pseudo-first-order and pseudo-second-order

kinetic models respectively, with the relevant parameters pooled

in Table S4 (Supporting information). The pseudo-first order linear

R2 for sulfadiazine, sulfathiazole, sulfamerazine, sulfamethazine,

sulfamethoxazole, sulfisoxazole and sulfadime-thoxine were 0.750,

0.960, 0.876, 0.905, 0.925, 0.972, and 0.945, respectively, and the

calculated equilibrium adsorption capacity Qe (cal) deviated signifi-

cantly from the experimental value Qe (exp). The pseudo-secondary

kinetics R2 were 0.995, 0.998, 0.999, 0.998, 0.998, 0.996, and 0.998,

respectively, Qe (cal) with Qe (exp) essentially matching. It means

that the adsorption rate is influenced by chemisorption, and the

adsorption process is influenced by two or more factors together.

In addition, using the in-particle diffusion model to explore SAs

diffusion processes in adsorption kinetics (Fig. S5 in Supporting in-

formation). It was seen that the adsorption process exhibits three-

stage rates and the intercept did not pass through the origin, which

indicates that other adsorption mechanisms are accompanying the

process except for internal diffusion [49].

The adsorption performance of the materials shown in the ad-

sorption tests indicates that they can be employed as sorbents for

extracting SAs. Benefiting from the regular morphology and large

micron-sized particle size of the prepared MOFs materials, they

can be used for the extraction of SAs contaminants by building

simple filtration devices without the need for a tedious centrifuga-

tion step. The syringe-assisted dispersive solid phase extraction (S-

DSPE) procedure shown as Fig. 3a, and the details can be obtained

in Supporting information. The extraction performance of the pre-

pared MOFs was investigated at 50μg/L of SAs mixed sample. Fig.

3c demonstrates that Ni-MOF, Ni/Co-MOF, pBDT@PDA-Ni-MOF, and

pBDT@PDA-Ni/Co-MOF all showed comparable extraction recover-

ies for low concentration of SAs. Considering the pBDT@PDA-Ni/Co-

MOF possesses the largest sorption capacity, which was used for

the subsequent extraction experiments.

The extraction recoveries are affected by many factors. In order

to obtain optimal extraction results, a series of parameters need

to be further optimized. At a fixed solution volume of 5mL, the

series optimization is as shown in Figs. S6a-f (Supporting infor-

mation). The optimum extraction conditions were 5mg of sorbent,

15min of extraction time, pH 6, zero salt concentration, methanol

as desorbent and 5min desorption time. In addition, the recycla-

bility of the used adsorbents was examined. Fig. S7 (Supporting

information) shows the repeat recovery efficiency of pBDT@PDA-

Ni/Co-MOF for 50μg/L of SAs. It was noted that the recovery of SAs

after the third use showed a relatively significant decline, which

was probably caused by insufficient desorption of the SAs during

frequent use. Yet, the recovery rate of around 75% was still main-

tained at five cycles, indicating that the prepared material is mod-

erately reusable.

The performance of the method was evaluated by examining

the methodological parameters such as limit of detection (LOD),

limit of quantification (LOQ) and linear range of S-DSPE method af-

ter condition optimization. The results are shown in Table S5 (Sup-

porting information). A good linearity of S-DSPE method was ob-

tained for SAs in the concentration range of 1.4–200μg/L with the

correlation linear squared value R2 > 0.9993. The LOD was 0.4–

0.5 μg/L and the LOQ was 1.0–1.4 μg/L, which could satisfy the de-

tection of trace SAs. In addition, the enrichment factor (EF) val-

ues between 19.3 and 23.6 (the theoretical maximum EF of 25 in

the case of fixed solution volume), the enrichment recovery (ER)

ranged from 77.3% to 92.6%, the relative standard deviations (RSD)

Fig. 4. Determinations of seven sulfonamides in river shrimp rearing water

from (A) aquatic market and (B) supermarket. a: not spiked, b: spiked 20μg/L,

c: 20 μg/L chromatogram after enrichment. Peaks: (1) sulfadiazine, (2) sulfathiazole,

(3) sulfamerazine, (4) sulfamthazine, (5) sulfamethoxazole, (6) sulfisoxazole, and (7)

sulfadimethoxine.

of intraday ranged from 0.83% to 4.79% and interday are ranged

from 2.64% to 9.55%.

In order to verify the applicability of S-DSPE method, we col-

lected the river shrimp rearing water from local aquatic market

and supermarket to analyze the potential existence of SAs, and

the chromatograms are shown in Fig. 4. After adsorption extrac-

tion with pBDT@PDA-Ni/Co-MOF, sulfadiazine was detected in wa-

ter sample A, but too low to be quantified, while no SAs were de-

tected in water sample B. To ensure accuracy, the water samples

were further spiked with 5, 20 and 50μg/L SAs. The results are

shown in Table S6 (Supporting information). The enrichment ex-

traction recovery ranged from 79.4% to 91.3%, and the RSD < 5.3%,

which indicated that the developed S-DSPE method is capable of

monitoring trace SAs in real samples. Comparing with some re-

ported methods (Table S7 in Supporting information), the estab-

lished S-SDPE extraction method is simple and efficient. The quan-

titative detection of SAs at low concentrations can be satisfied with

a tiny amount of MOFs sorbent. Except for LC-MS/MS, compared

to other HPLC-UV/DAD methods, the S-DSPE showed a satisfactory

LOD and LOQ.

In this study, the adsorption experiments and extraction con-

dition optimization experiments indicated that several adsorption

interactions existed between the prepared MOFs sorbents and sul-

fonamides. The strong electron-donating group amino is directly

linked to the benzene ring in the seven SAs structures, which cause

the lone-pair electrons of N in -NH2 to have strong conjugation

effects with π-electrons on aromatic rings, making them strong

electron donors. FTIR, XPS characterization results indicated that

the synthesized Ni-MOF and Ni/Co-MOF continued the carbonyl

and benzene ring structures of the organic ligands. The carbonyl

group of the strong electron-withdrawing group is directly linked

to the benzene ring, exhibiting an electron-withdrawing conjuga-

tion effect. It is indicated that there can exist π-π electron donor-

acceptor interactions (π-π EDA) between SAs and MOFs. And the

similar electron-withdrawing conjugation effect between the sulfur

and the benzene ring exists in the composite copolymers, making

the modified MOFs materials show enhanced adsorption properties

for SAs.

During the extraction optimization, SAs showed the optimal re-

covery results at pH 6. The SAs’ physicochemical properties are

listed in Table S2 (Supporting information), and they possess two

ionization equilibrium constants (i.e., pKa value) in the range of
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pH 1.39–2.79 and pH 6.2–8.81. At pH 6, Most of the SAs in so-

lution are still mainly in the form of neutral molecules. After poly-

mer modification, MOFs have additional amino and hydroxyl func-

tional groups on the surface as hydrogen bond donors or accep-

tors, which can further enhance the adsorption effect by hydrogen

bonding with SAs. At this time, a portion of the SAs are also ion-

ized and exist as cations in solution. As shown in Fig. S8 (Support-

ing information), the surface zeta potential of the adsorbents in-

cluding pBDT@PDA-Ni/Co-MOF were tested at different pHs. At pH

< 3, the adsorbents have positive zeta potential, and as the solu-

tion pH increases, the adsorbent surface turns to negative charge.

Polymer modification can slow down the change in surface zeta,

but the general trend remains the same. Hence, at pH 6, the MOFs

materials are all negatively charged and can interact electrostati-

cally with SAs to promote adsorption.

In summary, we synthesized spherical Ni-MOF and hollow

Ni/Co-MOF with unique morphology by adding surfactants and ad-

ditional doped cobalt ions, which are capable of efficient and rapid

adsorption of SAs based on π-π EDA, electrostatic interactions

etc. In addition, based on the non-covalent surface polymeriza-

tion modification strategy, dopamine and BDT were used as self-

polymerizing monomers to introduce abundant functional groups,

which further enhanced the adsorption ability of MOFs to SAs. And

finally, benefited the MOFs regular morphology and size, they can

be used as sorbents to develop a simple and efficient S-DSPE ex-

traction method, the optimized method parameters satisfy the de-

tection of potential trace SAs in water environment.
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