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A B S T R A C T   

Particles are ubiquitous and abundant in natural waters and play a crucial role in the fate and 
bioavailability of organic pollution. In the present study, natural mineral (kaolinites, KL), organic 
(humic/fulvic acid, HA/FA) and their composite particles were further separated into particles 
fractions (PFs, >1 μm) and colloidal fractions (CFs, 1 kDa-1 μm) by cross-flow ultrafiltration 
(CFUF). This research demonstrated the role of kaolinite-humic composite colloids on the 
adsorption of fluoroquinolone norfloxacin (NOR). The Freundlich model satisfactory described 
adsorption curves, showing strong affinity of NOR to CFs, with sorption capacity (KF) between 
8975.50 and 16638.13 for NOR. The adsorption capacities of NOR decreased with the particle 
size increasing from CFs to PFs. In addition, composite CFs showed excellent adsorption capacity, 
which was mainly attributed to the larger specific surface area of composite CFs and electro-
negativity and numerous oxygen-containing functional groups on the surfaces of the complexes, 
and electrostatic attraction, hydrogen bond and cation exchange could dominate the NOR 
adsorption onto the composite CFs. The best pH value under adsorption condition of composite 
CFs varied from weakly acidic to neutral with the increase of load amount of humic and fulvic 
acids on the surface of inorganic particles. The adsorption decreased with higher cation strength, 
larger cation radius and higher cation valence, which depended on the surface charge of colloids 
and the molecular shape of NOR. These results provided insight into the interfacial behaviors of 
NOR on the surfaces of natural colloids and promoted the understanding of the migration and 
transport of antibiotics in environmental systems.   

1. Introduction 

Antibiotics are widely used in the human and animal health for disease treatment and prevention and even in the livestock and 
poultry industries as growth promoters [1,2]. Excessive usage and incomplete waste disposal lead to the release of antibiotics into the 
aquatic environment by various pathways [3–5]. If the bacterial community continually exposes to the antibiotics or its active me-
tabolites in aquatic environment, it will cause the emergence of the antibiotic-resistant bacteria and accelerate the generation of 
antibiotic resistance genes (ARGs) under the pressure low levels of antibiotics, which could lead to humans be threatened by infections 
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caused by exposure to bacteria [6,7]. In recent decades, most of antibiotics are frequently detected in aquatic environment [1]. 
Contamination with fluoroquinolones (FQs), the third-generation of spectral antimicrobial quinolone antibiotics, has been widely 
reported in different aquatic matrices including surface water, groundwater, sewage, or sediment samples, and the levels of FQs in 
water environment ranged from fractions of μg L− 1 to hundreds of mg L− 1 [8,9]. So, researching FQs pollution has become gradually a 
focus in aquatic environment. 

Many studies have confirmed that antibiotics were not readily biodegradable, and therefore the residues can readily be found in 
different aquatic environments due to their adsorption properties [10]. Therefore, it is essential to elucidate antibiotics interaction 
with diffusing small particles (i.e. colloid and nanoparticle) to understand their transport, transformation and fate in natural waters 
[11–13]. The mean concentrations of antibiotics ranged between 297 and 3073 ng g− 1 in the colloid particles that accounted for 
4.7–49.8% of all antibiotics, suggesting that natural colloids (NCs) can act as potential adsorption sites for antibiotics [14]. Although 
the adsorption of antibiotics to environmental substrates such as coarse and sediment have been studied [15,16], but few studies have 
focused on the adsorption behaviors of antibiotics on NCs. 

NCs may reach a maximum of 108 particles per liter, and predominantly consist of inorganic and organic compositions in aquatic 
environments [17]. Humic substances, including humic acids (HA) and fulvic acids (FA), are the most active multiphase organic 
components in natural water, soils and sediments with a complex chemical structure including carboxyl, phenolic, ketone and other 
active groups, which play an important role in controlling the geochemistry behavior of organic matters [18]. In addition, as the most 
abundant inorganic mineral in aquatic systems, kaolinite (KL) contains large voids, present high specific surface areas and high ion 
exchange capacities, which composed of interlinked silicon-oxygen tetrahedra and aluminum-oxygen octahedral [18]. The inorganic 
mineral and natural humic substances form intimate structures lead to a more complicated structure in which small NCs. It is widely 
accepted that the adsorption of organic material masks the properties of the mineral particles in surface water. NCs contain a large 
number of functional groups and have significant difference in chemical compositions. For instance, the importance of colloids is often 
ascribed to an increase in specific surface area with decreasing size resulting in the exposure of a greater number of functional groups at 
the solid-aqueous interface and thus a greater uptake of trace pollutants [19]. The adsorption of antibiotics on NCs is generally 
attributed to the special properties and affinity of NCs to antibiotics [20–23]. The fate of antibiotics in aquatic environment has been 
controlled by the physicochemical properties of NCs (such as size, zeta-potential, specific surface area, organic carbon content) [23]. In 
the colloidal size range, many studies have focused on the adsorption of antibiotics onto different types of inorganic minerals, such as 
kaolinite, montmorillonite and ferrihydrite [24,25]. Different types of humic substances, such as HA and FA, could alter many of the 
physical and chemical properties of minerals, including their rate of dissolution and the physical stability of colloidal particles [26]. 
Hence, it is necessary to systematically study the behavior of antibiotics at the interfaces of HA/FA and mineral composite colloids with 
different properties rather than focus on a single model interface. 

The adsorption behavior of antibiotics in the environment mainly depends on the structures and physicochemical properties of 
antibiotics, and related to the physicochemical characteristics of the surrounding environment, such as organic matters, metal ele-
ments and pH [23,27]. The most antibiotics are amphoteric molecules that exist in complex speciation behaviors under various pH, 
their behaviors are highly pH dependent [28,29]. In aquatic environment, the most NCs were negatively charged. Some others were 
amphoteric NCs that depended on pH, which the surface sites of particles are peculiarly prone to undergo proton exchange [30]. The 
dissociation degree and solubility of functional groups and the surface charges on NCs surface could be changed in the pH range, which 
had effects on the amount of adsorption sites on NCs. The adsorption of antibiotics on NCs were related to the surface properties of NCs 
and the molecular form of antibiotics under various pH, the adsorption mechanism of antibiotics on NCs was described the role of 
electrostatic attraction, hydrogen bond and cation exchange [31–34]. Antibiotics adsorption depended on atomic radius and valence of 
metal cations, metal cations competed with antibiotics for positively charged groups of particles and may enhanced the adsorption by 
bridging bonds [35,36]. 

In the current studies, the NCs have been found that have strong interactions with antibiotics, we hypothesized that the absorption 
characteristics of antibiotics on various colloid particles would mainly depend on the surface physicochemical properties of particles 
[37,38]. In this study, different composite mineral-humic colloids were prepared, and norfloxacin (NOR) was selected as target 
pollutant owing to its widely used human and livestock treatment, which has been found in a wide range of environmental samples [8, 
39]. The primary objectives of this study were to discern the role of natural composite colloids with kaolinites (KL) and humic/fulvic 
acid (HA/FA) during the adsorption of NOR. In addition, the effects of the environmental pH, strength and species of cation were 
examined during the adsorption of NOR on composite colloids. This study is important for understanding the behaviour and role of 
natural colloids in environmental systems, and further expanded the insight into the interfacial behaviors of antibiotics on the surfaces 
of natural suspended particulate matter. 

2. Materials and methods 

2.1. Chemicals and materials 

NOR was acquired from Dr. Ehrenstorfer (Augsburg, Germany). Methanol and acetonitrile (HPLC grade) were obtained from Fisher 
Science Company. Kaolinite and humic acid (HA) were purchased from Sigma-Aldrich (Shanghai, China). Fulvic acid (FA) was pur-
chased from Fluka (Buchs, Switzerland). Unless otherwise indicated, the other chemicals used in this study were of analytical grade. 
Ultrapure water was obtained from a Milli-Q Advantage A10 system (Millipore, USA). The stock solution (500 mg L− 1) of NOR was 
prepared in methanol and kept at − 20 ◦C. 
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Table 1 
The physicochemical properties of the particles including particulate fractions (PFs) and colloidal fractions (CFs).  

Particles type Abbr. TOC 
(%)a 

Size distribution 
(%) 

fHS 

(%)b 
Specific surface 
area (m2 g− 1) 

Pore volume 
(cm3 g− 1) 

Particles type Abbr. TOC 
(%)a 

Size fHS 

(%)b 
Specific 
surface 
Area (m2 
g− 1) 

Pore volume 
(cm3 g− 1) 

KL particulate 
fractions 

PFKL 0 58.54 (1–10 μm) 
38.90 (10–50 
μm) 
2.56 (50–100 
μm) 

0.00 10.22 0.106 KL colloidal 
fractions 

CFKL 0 1 kDa- 
1μm 

0.00 16.96 0.018 

HA colloidal 
fractions 

CFHA 51.13 1 kDa- 
1μm 

100.00 28.10 0.025 

FA colloidal 
fractions 

CFFA 45.33 1 kDa- 
1μm 

100.00 26.65 0.017 

KL-HA particulate 
fractions 

PFKL- 

HA-1 
0.193 55.03 (1–10 μm) 0.43 12.13 0.118 KL-HA colloidal 

fractions 
CFKL- 

HA-1 
2.833 1 kDa- 

1μm 
5.67 20.16 0.029 

42.30 (10–50 
μm) 
2.57 (50–100 
μm) 

PFKL- 

HA-2 
0.336 57.49 (1–10 μm) 0.76 14.72 0.137 CFKL- 

HA-2 
4.604 1 kDa- 

1μm 
9.79 22.00 0.037 

38.83 (10–50 
μm) 
3.25 (50–100 
μm) 

PFKL- 

HA-3 
1.039 56.94 (1–10 μm) 2.21 18.83 0.186 CFKL- 

HA-3 
6.237 1 kDa- 

1μm 
12.72 26.38 0.058 

39.26 (10–50 
μm) 
2.73 (50–100 
μm) 

KL-FA particulate 
fractions 

PFKL- 

FA-1 
0.264 56.94 (1–10 μm) 0.57 12.75 0.096 KL-FA colloidal 

fractions 
CFKL- 

FA-1 
1.800 1 kDa- 

1μm 
3.91 18.73 0.021 

38.65 (10–50 
μm) 
2.67 (50–100 
μm) 

PFKL- 

FA-2 
0.272 55.76 (1–10 μm) 0.57 12.98 0.124 CFKL- 

FA-2 
3.330 1 kDa- 

1μm 
7.35 20.14 0.029 

40.90 (10–50 
μm) 
2.29 (50–100 
μm) 

PFKL- 

FA-3 
1.25 57.54 (1–10 μm) 2.71 13.65 0.145 CFKL- 

FA-3 
6.440 1 kDa- 

1μm 
13.56 24.01 0.035 

38.62 (10–50 
μm) 
2.97 (50–100 
μm)  

a the humus organic carbon accounted for mass percentage of composite particles. 
b the humic substances accounted for mass percentage of composite particles. 
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2.2. Preparation and characterization of multiple particles 

2.2.1. Preparation of particles fractions 
As previously reported method with appropriate modification [33], different concentrations of HA/FA solutions (10,000 mL) was 

mixed with kaolinite (50 g) in ultrapure water medium (solid/liquid ratio = 1:200). The suspensions were intermittently stirred for 2 
weeks at 25 ◦C [40]. Then, the suspensions were passed through the 1 μm filter membrane (Millipore) using suction filtration, and the 
particulate fractions (PFs) were intercepted on the filter membrane. After being washed with ultrapure water three times, the filter 
membrane carrying the complex was placed in ultrapure water for ultrasonic dispersion. Finally, the PFs of composite particles loaded 
with different HA and FA were obtained as follows: PFKL-HA-1, PFKL-HA-2, PFKL-HA-3, PFKL-FA-1, PFKL-FA-2 and PFKL-FA-3 by freeze-drying, 
and the particle size of these complexes was PFs >1 μm. 

2.2.2. Preparation of colloidal fractions 
The prefiltered samples were further processed by cross-flow ultrafiltration (CFUF) (0.5 m2 surface area, Millipore Pellicon 2) 

equipped with 1-kDa PLAC ultrafiltration membrane cassettes. As described in our previous studies [41], the filter operations were 
carried out in concentration and diafiltration modes, to obtain the corresponding colloidal fractions (CFs) (CFKL-HA-1, CFKL-HA-2, 
CFKL-HA-3, CFKL-FA-1, CFKL-FA-2 and CFKL-FA-3) on a scale of 1 kDa-1.0 μm. These six different aquatic FCs of complexes were further 
evaporated using a vacuum rotary evaporator (IKA RV05) below 50 ◦C to remove much of the water, and then the concentrated so-
lution was freeze-dried into dry CFs. As controls, the particulate fraction (PFKL) and colloidal fraction (CFKL) of kaolin and the colloidal 
fractions of HA and FA were CFHA and CFFA, respectively, were prepared by the same previous methods. 

2.2.3. Characterization 
All particles were analyzed for total organic carbon (TOC) content with a TOC analyzer (Shimadzu TOC-L CPN, Japan). Size 

distributions of PFs were determined by laser particle size analyzer (MicroTrac, S3500, USA). The specific surface areas (SSA) and pore 
volumes of PFs and CFs were tested using the multiple-point Brunauere-Emmette-Teller (BET) method, with the Autosorb-iQ 
(Quantachrome Instruments, USA). All these physicochemical properties of the PFs and CFs are summarized in Table 1. 

2.3. Adsorption experiments 

The NOR adsorptions on the various particles were conducted to determine the equilibrium isotherms by batch experiments, which 
were performed by keeping the 20 mg L− 1 of PFs or CFs in contact with 20 mL solutions containing different concentrations of NOR 
(1.0–10.0 mg L− 1) in 50-mL polypropylene centrifuge tubes. Under optimal conditions, the equilibrium isotherms of NOR were 
investigated with a mechanically shaking period of 24 h at 150 rpm and 25 ± 1 ◦C in the dark. Each experiment was repeated three 
times. The blanks (no particles) at each initial concentration were conducted following the same test procedure. In addition, all the 
adsorption experiments were carried out under strict dark conditions. 

Sorption isotherms were obtained by plotting the sorbed amount Qe (mg kg− 1) at equilibrium as a function of equilibrium con-
centration Ce (mg L− 1) in solution according to Equation (1)： 

Qe =
(C0 − Ce) × V

m
(1)  

where C0 (mg L− 1) is the initial NOR concentration, V (L) is the volume of the NOR solution, and m (kg) is the mass of the adsorbent 
used. 

Four isotherm models as Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) were used for analysis of equilibrium 
adsorption data according to Equations (2)–(5), respectively: 

Langmuir isotherm: 

Ce

Qe
=

Ce

Qmax
+

1
KLQmax

(2) 

Freundlich isotherm: 

Ln Qe =Ln KF +
1
n

Ln Ce (3) 

Temkin isotherm: 

Qe =
RT
bT

Ln KT +
RT
bT

Ln Ce (4) 

D-R isotherm: 

Ln Qe =Ln Qmax − βε2 (5)  

ε=RT Ln
(

1+
1

Ce

)

(6) 
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Ea =
1̅̅
̅̅̅

2β
√ (7)  

where Qmax (mg kg− 1) is the Langmuir maximum capacity, KL (L mg− 1) is the Langmuir constant; KF [(mg kg− 1)/(mg L− 1)n] is the 
Freundlich constant or capacity factor, n is the Freundlich exponent; KT (L mg− 1) is the equilibrium binding constant, bT is the Temkin 
isotherm constant, RT/bT (J mol− 1) is related with adsorption heat; β (mol2 kJ− 2) and ε (kJ mol− 1, Equation (6)) are Dubinin- 
Radushkevich isotherm constants related to the adsorption energy and potential, respectively, Ea is the mean free energy of adsorption 
(kJ mol− 1, Equation (7)); R (8.314 J mol− 1 K− 1) is the universal gas constant, and T (298.15 K) is the absolute temperature. 

To assess the pH effects of the NOR adsorption on CFs, the pH of CFs solution was adjusted from 3 to 11 with 0.1 M HCl or NaOH. 
Five types cations (Na+, K+, Mg2+, Ca2+ and Al3+) were investigated by using NaCl, KCl, MgCl2, CaCl2 and A1Cl3 (1 mM) to assess the 
cation effects of the NOR adsorption on CFs. In addition, to assess the cation strength effects of the NOR adsorption on CFs, the cation 
strength of CFs solution was adjusted in the range 0.1–5.0 mM using CaCl2. The other experimental conditions and measurements were 
the same as described above. 

2.4. Sample preparation and analysis 

Each sample (0.5 mL) was centrifuged and filtered through a 1 kDa ultrafiltration centrifuge tubes (Pall Filtron, USA) at 12000 rpm 
for 10 min to obtain soluble phases. The concentrations of NOR were analyzed by HPLC using a Thermo Scientific Dionex Ultimate 
3000 apparatus equipped with a Waters Symmetry C18 column (4.6 × 250 mm, 5 μm). The column temperature was maintained at 
30 ◦C. The mobile phase was composed of 0.1% (v/v) phosphoric acid in ultrapure water and acetonitrile at a ratio of 83:17 and a flow 
rate of 1 mL min− 1. An injection volume of 10 μL was used in all analyses. The detection wavelengths of the NOR was 278 nm, and a 
good linearity between the peak areas and the NOR concentrations was observed in the ranges of 0.1–10 μg mL− 1 with R2 > 0.999. The 
limits of detection (LODs) and quantification (LOQs) for NOR, estimated as the signal-to-noise (S/N) ratios of 3 and 10, were 0.10 μg 
mL− 1 and 0.33 μg mL− 1, respectively. 

2.5. Quality assurance and statistical analysis 

To assess the adsorption of antibiotics on the ultrafiltration centrifuge tubes, the recovery was performed using the standard NOR 
solutions with different initial concentrations (1.0–10.0 mg L− 1), which were centrifuged and filtered through the 1 kDa ultrafiltration 

Fig. 1. Fittings of NOR adsorption isotherms onto various particles: (a) Langmuir, (b) Freundlich (c) Temkin, and (d) D-R models.  
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Table 2 
The parameters of isotherms for NOR adsorption on various particles.  

Particles type Freundlich model Langmuir model Temkin model D-R model 

KF
a n R2 Qmax (mg g− 1) KL (L mg− 1) R2 bT KT (L mg− 1) R2 Qmax (mg g− 1) β (mol2 kJ− 2) Ea (kJ mol− 1) R2 

Particulate fractions (PFs) 
PFKL 2456.06 1.969 0.818 6.42 0.58 0.945 0.206 4.675 0.982 4.95 1.589E-05 177.412 0.969 
PFKL-HA-1 4716.62 1.563 0.988 25.49 0.20 0.996 0.061 2.551 0.969 16.29 1.657E-05 173.725 0.825 
PFKL-HA-2 5364.33 1.701 0.998 26.37 0.22 0.992 0.059 2.869 0.965 16.94 1.471E-05 184.390 0.806 
PFKL-HA-3 7410.54 1.462 0.979 39.79 0.21 0.999 0.038 2.491 0.982 26.08 1.736E-05 169.714 0.859 
PFKL-FA-1 4490.05 1.650 0.926 16.46 0.34 0.985 0.081 3.083 0.984 14.09 1.706E-05 171.206 0.913 
PFKL-FA-2 5609.81 1.712 0.972 21.99 0.31 0.997 0.064 3.146 0.992 17.15 1.555E-05 179.299 0.886 
PFKL-FA-3 4778.48 1.645 0.980 20.98 0.26 0.999 0.069 2.857 0.988 15.40 1.616E-05 175.896 0.863 
Colloidal fractions (CFs) 
CFKL 12515.50 1.581 0.977 27.49 0.46 0.961 0.051 4.734 0.974 21.32 1.122E-05 211.116 0.893 
CFHA 16638.13 1.468 0.980 90.71 0.21 0.989 0.018 2.947 0.953 45.02 1.264E-05 198.896 0.800 
CFFA 16234.51 1.462 0.974 70.87 0.28 0.926 0.020 3.028 0.962 43.72 1.374E-05 190.766 0.852 
CFKL-HA-1 9900.24 1.923 0.956 28.87 0.51 0.946 0.047 4.509 0.969 23.34 1.189E-05 205.037 0.902 
CFKL-HA-2 11135.30 1.942 0.961 29.41 0.51 0.948 0.046 4.616 0.974 23.74 1.170E-05 206.683 0.904 
CFKL-HA-3 11668.69 1.704 0.994 43.85 0.34 0.975 0.033 3.642 0.972 30.61 1.277E-05 197.840 0.893 
CFKL-FA-1 9291.89 1.946 0.986 36.97 0.30 0.984 0.038 2.908 0.973 31.95 1.879E-05 163.140 0.794 
CFKL-FA-2 11164.24 2.146 0.979 55.31 0.22 0.894 0.035 4.042 0.885 32.86 1.198E-05 204.315 0.601 
CFKL-FA-3 10372.98 2.392 0.971 44.19 0.27 0.850 0.033 3.243 0.830 31.23 1.450E-05 185.186 0.521  

a KF [(mg kg− 1)/(mg L− 1)n] sorption capacity coefficient from Freundlich model.The parameters of isotherms for NOR adsorption on various particles. 
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centrifuge tubes at 12000 rpm for 10 min to obtain soluble phases. The recovery rate (R) was determined by dividing the concentration 
of NOR remaining in soluble phases (Cw) by the initial concentration of NOR (C0) (i.e., R = Cw/C0 × 100%), and the R values were 
higher, which can reach 91.17–103.48%. 

The plotting and fitting of adsorption data were conducted using the OriginPro 8.0 (OriginLab, USA). Pearson’s correlation analysis 
(SPSS software, Windows version 16.0, SPSS Inc.) was performed in order to determine relationships between adsorption capacity and 
physicochemical properties of PFs and CFs. 

3. Results and discussion 

3.1. The NOR adsorption of various particles 

3.1.1. The adsorption isotherms of NOR on various particles 
As shown in Fig. 1, the adsorption properties of different size fractions of various particles, including the particulate fractions (PFs) 

and colloidal fraction (CFs), were indicated by the adsorption isotherms of NOR, which were well described by Langmuir, Freundlich, 
Temkin and Dubinin-Radushkevich (D-R) isotherm models, the fitting parameters of the four isotherm models were listed in Table 2. 

As indicated by the correlation coefficient R2, the Langmuir isotherm reasonably fitted the adsorptions of NOR onto PFs, such as 
PFKL, PFKL-HA-3 and PFKL-FA-3 (R2 > 0.95). The Langmuir model assumed that the adsorption was single molecular layer adsorption; the 
same energy was needed for the interaction occurred on active adsorption sites on homogeneous adsorption surface, and the molecules 
couldn’t interact with each other [42]. This also means that the adsorption of NOR depended on the limited active adsorption sites on 
coarse particles. This was consistent with the observation that the adsorption isotherm of TC on suspended particulate matter could 
also be described well by a Langmuir model [43]. The maximum adsorption capacities of NOR on PFKL-HA ranged from 25.49 to 39.79 
mg g− 1, which was higher than 17β-estradiol (E2) on KL-HA complexes [33]. 

However, for CFs, the values of R2 from Freundlich isotherm (R2 > 0.97) are greater than those from Langmuir isotherms (R2 >

0.85), indicating the adsorption process of NOR onto CFs, including CFKL, CFHA, CFFA, CFKL-HA-3 and CFKL-FA-3, was better described by 
Freundlich isotherm (Table 2). The coefficient KF of Freundlich model represents the relative adsorption capacity of CFs with NOR, and 
the value of parameter n is a measure of adsorption intensity, which relates to the heterogeneity of the CFs being examined [44]. When 
1 < n < 10 means that the adsorbate is easily adsorbed [45]. The n values of CFs were in the range from 1.462 to 2.392, indicating the 
adsorption of NOR onto CFs in Freundlich model were favorable. There were unlimited adsorption sites on the heterogeneous 
multilayer of CFs that leaded to the high adsorption of NOR. This behavior has previously been reported for the adsorption of 
tetracycline (TC) and ciprofloxacin (CIP) onto iron oxide minerals, especially for colloidal goethite [46]. Compared with organic 
colloids (CFHA and CFFA), the adsorption isotherms of NOR on inorganic and composite colloids, such as CFKL, CFKL-HA-3, and CFKL-FA-3, 
showed higher n values (ranging from 1.77 to 2.31) (Table 2), indicating that NOR has a greater affinity with inorganic and composite 
colloids. However, the high affinity (high n value) wasn’t analogous to having a high adsorption capacity (high KF value). The KF was 
governed by properties such as the size distribution, the specific surface area and the surface functional groups of particles [47]. 

To verify the results, Temkin model was also used to fit the adsorption data. Different from the Langmuir and Freundlich models, 
the Temkin model is supposed that adsorption energy decrease linearly due to the surface coverage, which is more suitable for the 
chemisorption process that is usually considered to be electrostatic interaction [48]. As shown in Fig. 1c and Table 2, the Temkin 
isotherm well fitted the adsorption data (R2 = 0.83–0.99), indicating that electrostatic interaction was one of mechanisms in the 
adsorption of NOR onto the minerals and composites. The fitting result also indicated that the adsorption of NOR by the minerals and 
composites, especially the PFs (R2 > 0.98), was not uniform single-layer adsorption [49]. Many studies have also shown that the 
adsorption isotherms of antibiotics on natural and synthetic composites in the nano-size range could be well fitted by Freundlich 
isotherm [50–52]. Our previous study has shown that the particle size also plays a crucial role in the adsorption behavior except for the 
physicochemical properties of the particle surface [47]. 

Moreover, the fitting of D-R model is shown in Fig. 1d, which dedicated to exploring the Gaussian energy distribution onto an 
uneven surface, and the adsorption type was roughly inferred by a relevant parameter of the mean free energy of adsorption (Ea). The 
values of Ea between 1 and 8 kJ mol− 1 and between 8 and 16 kJ mol− 1 corresponds to physical and ion exchange processes, 
respectively, while the value of Ea greater than 16 kJ mol− 1 is considered to be chemical adsorption [53]. As shown in Table 2, the 
values of Ea were all larger than 16 kJ mol− 1, which indicated that the chemical adsorption mechanism may also play an important role 
in the adsorption process. However, most of the regression coefficients (R2) of NOR were less than 0.90, it did not describe the 
adsorption of NOR onto the different size of complexes very well. 

3.1.2. Effects of the particle size and specific surface area 
As shown in Table 1, with the increase of organic matter content, the particle size and specific surface area of the composite 

particles also increased. It is generally believed that there is a saturation mechanism for mineral adsorption of organic matter under 
normal temperature and pressure [54]. Therefore, the humic and fulvic acids on the outer layer of the complex will further interactions 
with humic and fulvic acids through the electrostatic attraction after it reaches saturation. This relatively loose distribution of humic 
and fulvic acids on kaolin surface caused a continuous increase in particle size, specific surface area, and empty volume with 
continuous loading of HA/FA molecules [40]. The relationship of adsorption capacities for different size of particles was as follows: 
CFHA > CFFA > CFKL > PFKL (Fig. 1). This result revealed that the adsorption capacities of particles decreased with size increasing and 
increased with specific surface area increasing (Table 1). Pearson correlation analysis also demonstrated that the values of KF (sorption 
capacity coefficient) were positively correlated with the specific surface area of PFs (r = 0.924, P < 0.01) and CFs (r = 0.835, P < 0.01) 

D. Cheng et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e15979

8

Fig. 2. Fittings of NOR adsorption isotherms (Langmuir, Freundlich, Temkin and D-R models) onto composite (a), (c), (e) and (g) PFKL-HA/FA and (b), 
(d), (f) and (h) CFKL-HA/FA. 
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(Tables S1–2). Studies have shown that particle size generally has a strong relationship with adsorption capacity, which is ascribed to 
the enlarged surface area of particles [55]. The adsorption of some other organic pollutants onto the surface of suspended particulate 
matter or microplastics also showed the same trend [56,57]. The values of KF for the NOR adsorption on CFs ranged from 9291.89 to 
16638.13 (mg kg− 1)/(mg L− 1)n and much higher than that on PFs. The higher adsorption capacity for CFKL compared to that for PFKL, 
which could be explained that the specific surface area of mineral particles gradually increases with the decrease of particle size, and 
then smaller particles had higher adsorption sites density. 

As “particles state” macromolecules, the organic CFs (CFHA and CFFA) had larger specific surface area than CFKL, and the higher 
adsorption capacities of organic CFs were related to the surface functional groups [58]. In addition, the CFHA had stronger adsorption 
capacities than CFFA related to the larger specific surface area. This result was consistent with a recently published study in which the 
adsorption efficiencies of nitrapyrin on HA were higher than that on FA [59]. Therefore, the larger specific surface area and smaller 
particle size enhanced the adsorption sites of particles, and leaded to the stronger adsorption capacities for the particles, which was 
related to the effectively active adsorption sites of particles. 

3.1.3. Effects of the humic and fulvic acids 
The adsorption process of NOR onto the different size of KL-HA/FA composites were also described by the Langmuir and Freundlich 

models (Fig. 2a–d), and the Temkin and D-R isotherm models verified related results (Fig. 2e–h). All the fitting parameters of the four 
isotherms are also listed in Table 2. 

The Freundlich model satisfactory described the equilibrium adsorption data of the colloidal fractions of KL, HA/FA and their 
composites (Fig. 2b), showing strong affinity of NOR to CFs. In addition, Pearson correlation analysis also suggested that the values of 
KF were positively correlated with TOC, especially for CFs (r = 0.876, P < 0.01) (Table S2). The organic CFs had higher adsorption 
capacities than inorganic CFs, and the KF values of CFHA (16638.13 (mg kg− 1)/(mg L− 1)n) and CFFA (16234.51 (mg kg− 1)/(mg L− 1)n) 
were twice bigger than CFKL (8975.50 (mg kg− 1)/(mg L− 1)n). In addition, the values of KF for adsorption of NOR on composite par-
ticles, including PFKL-HA/FA and CFKL-HA/FA, mostly increased with organic carbon content increasing, which were obviously bigger 
than that on inorganic particles. Generally, with the increase coating of humic and fulvic acids on inorganic particles, the adsorption 
capacities of NOR on the composite CFs tended to be similar to the organic CFs. This could be due to a very high degree of surface 
similarity between them and the effects of humic and fulvic acid layer on composite CPs. Humic and fulvic acids had a crucial role for 
inorganic particles fate by modifying their surface properties and stability [60–62]. Composite particles displayed a more open 
arrangement than blank inorganic particles, and the humic and fulvic acids adsorbed on inorganic particles provided additional 
adsorption sites for NOR [63]. In addition, the extent of dispersion for particles depended on the amount of humic and fulvic acids 
adsorbed on inorganic particles [64]. The adsorption of humic and fulvic acids played an important role in determining the inter-
particle forces and stability of CFs and enhanced the mobilisation of CFs. Thus, according to the adsorption equilibrium constants 
(Table 2), the adsorption capacities of NOR on composite particles were higher than that of NOR on inorganic particles, which were 
attributed to the higher dispersion and mobilisation of composite particles that could enhance the frequency of collisions and the 
efficiency of contacts. 

As shown in Table 1, the adsorption capacities of composite CFs (11668.69 and 10372.98 (mg kg− 1)/(mg L− 1)n for KF of CFKL-HA-3 
and CFKL-FA-3, respectively) couldn’t be equal to that of organic CFs (16638.13 and 16234.51 (mg kg− 1)/(mg L− 1)n for KF of CFHA and 
CFFA, respectively) when the humic and fulvic acid concentrations of composite CFs reached saturation. This result was explained that 
the characteristics of humic and fulvic acids such as molecular weight, functional group compositions and hydrophobicity would be 
corresponding changes during the synthesis of composite CFs [65]. With the continuous adsorption of humic and fulvic acids on 
inorganic particles, the composite particles had high adsorption capacities and became important factor effecting the NOR adsorption 
behavior [63,66]. At low levels, the humic and fulvic acids could compete with NOR for the adsorption sites on inorganic particles. 
However, with the increase of content of humic and fulvic acids, multilayered structures of humic and fulvic acids were formed on 
inorganic particle surfaces, and the polar functional groups was accumulated on the surface layer of inorganic particles, so the 
adsorption of ionic compounds (such as NOR) increased with humic and fulvic acids content increased [67]. 

However, with the increase of total organic carbon (TOC) content (Table 1), the adsorption capacities of Kaolinite-FA composite 
colloids (CFKL-FA) did not rise but decreased significantly (Table 2). This is beneficial for two main reasons. First, HA has stronger 
adsorption on inorganic mineral particles than FA and is more difficult to be desorbed than FA [68]. Secondly, due to the smaller 
molecular weight of FA than HA, the stronger competitive sorption of FA results in reduced NOR sorption on the surface of CFKL-FA 
[69]. In addition, TOC dose not account for all of the humic and fulvic acid contents, and the humic and fulvic acids had different 
effects on the adsorption capacities of composite particles due to their different characteristics and the different adsorption mecha-
nisms of humic substances on various inorganic particles [70]. The effects of humic and fulvic acids on the solubility of NOR were 
related to their own size, polarity, and molecular configuration [71]. This is an interesting and complex issue that needed to clarify the 
specific reasons in our further studies. 

3.2. Effects of the pH 

As an amphoteric compound, the NOR has multiple ionizable functional groups (pKa1, 6.23; pKa2, 8.55), which exists predomi-
nantly as zwitterions in aquatic environment [72]. As shown in Fig. 3a. NOR should be underwent protonation and deprotonation 
reactions, and presented different ionic species depending on the pH of solution in which NOR was dissolved [73,74]. The molecular 
form of NOR was NOR + when pH was below its pKa1, NOR ± when pKa1 < pH < pKa2, and NOR− when pH > pKa2. In aquatic 
environment, most CFs is negatively charged that depends on the pH of the solution [75]. The surface charges of natural CFs were 
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charged by proton exchange with solution [30]. The NOR adsorption on CFs were related to the surface charges of CFs and the mo-
lecular form of NOR. Therefore, the effect of pH on the adsorption of NOR onto various CFs was studied in a range from 3 to 11. 

3.2.1. On kaolinite CFs 
As shown in Fig. 3b, the adsorption capacity of NOR on CFKL was relatively high when the pH is 7. Adsorption capacity (KF) of NOR 

on CFKL was increased from 7828.60 to 9874.39 when the pH values was raised from 3 to 7. Conversely, increasing the pH from 9 to 11 
reduces the adsorption capacity (KF) of NOR on CFKL from 9682.58 to 8332.20. Kaolinite was a 1:1 dioctahedral aluminosilicate with 
the negative surface charges, and the charges of edge sites could be either positive or negative, effectively depended on the pH. The 
point of zero charge pH (pHPZC) of kaolinite was about 2.8 [76]. The surfaces of CFKL were negatively charged above the PZC and 
positively below that, because of the specific adsorption of charge-determining H+ and OH− ions. When pH < PZC, the electrostatic 
repulsion was operated to be predominant reaction when the NOR and kaolinite ultrafine particles were both positively charged [77, 
78]. With pH increasing, the surface of kaolinite was negatively charged at pH > 2.8. Consequently, CFKL had a strong electrostatic 
attraction to NOR since the surface of CFKL had more negative charges at high pH NOR primary existent forms were NOR + or NOR± in 
the water with a pH range of 3–7. Therefore, negatively charged CFKL could easily adsorb positively charged or neutral NOR. When pH 
> 7, the species of NOR gradually became neutral (NOR±) or negative charged (NOR− ) through deprotonation with the increase of the 
pH (Fig. 3a), and the electrostatic repulsion was the predominant reaction to be operated. The decrease of the adsorption of NOR on 
kaolinite CFs showed that the cation was an important factor for NOR adsorption when the dominant dissolved NOR was the zwit-
terions (NOR±). The NOR ± interacted with the surface sites of CFKL by surface complexation mechanism. According to the structure of 
kaolinite, the adsorption reaction could mainly occur at the negatively charged surface sites. The ionic strength and electrolyte types 
were fundamental factors for the adsorption of NOR on kaolinite CFs. The NOR adsorption on kaolinite CFs could depended on the 
hydration of aluminum oxide surface and the hydrogen bonding of water to the silanol groups of kaolinite, which demonstrated that 
NOR adsorption mainly depended on ion exchange of cations species and complexation of zwitterions species. 

3.2.2. On HA/FA and composite CFs 
As shown in Fig. 3b, the adsorptions of NOR on CFHA and CFFA were highest at around pH 5.0 and lower with either increased or 

Fig. 3. (a) Distribution of NOR molecules at different pH values. (b) Effects of pH on the adsorption of NOR onto various CFs. (adsorption con-
ditions: contact time = 24 h, and temperature = 25 ± 1 ◦C, in the dark). 
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decreased in pH. It is well known that organic humus CFs generally were negatively charged that was related to H+ dissociation of 
numerous oxygen-containing functional groups, such as hydroxyl and carboxyl groups [79]. The cationic and zwitterionic species were 
predominant forms of NOR, which could be adsorbed on deprotonated sites of CFHA and CFFA through cation exchange or hydrogen 
bond [80]. When the pH was lower, the predominant form of NOR was cation and the CFHA and CFFA were negatively charged by H+

dissociation. Such adsorption of NOR occurred mainly through the electrostatic adsorption. Additionally, the low pH was conducive to 
form the hydrogen bond between the carboxyl, amino groups of NOR and the hydroxyl, phenolic, amino of CFHA and CFFA surface, 
which also could enhance the adsorption of NOR on humic substances CFs surface [81]. Therefore, pH has the greatest effect on the 
chemical structure and apparent molecular weight of humic and fulvic acids as well as the surface properties and the active adsorption 
sites of CFHA and CFFA. 

NOR adsorption onto composite CFs (CFKL-HA and CFKL-FA) showed a strong pH-dependence in studied pH range (Fig. 3b). At neutral 
and acidic conditions, the HA/FA coating significantly increased the NOR adsorption with a maximal sorption around pH 5–7, and a 
greater adsorption increase was observed at the higher humic concentration. At alkaline condition, the adsorption of NOR was slightly 
enhanced in the humic coating. 

The values of KF tended to the peak shape, especially for CFKL-HA-1 and CFKL-FA-2 that were highest at around pH 7.0 and 5.0, 
respectively. For the other four treatments (CFKL-HA-2, CFKL-HA-3, CFKL-FA-1 and CFKL-FA-3), there was no obvious regularity of KF with 
the increase of pH, and the KF peaked at pH around 5.0, 5.0, 7.0 and 11.0 for the CFKL-HA-2, CFKL-FA-3, CFKL-HA-3 and CFKL-FA-1, 
respectively. With lower organic matter content, the effect of pH on the composite CFs was similar to the inorganic CFs. This result 
mainly depended on the surface properties of the composite CFs with lower organic matter content that were similar to the inorganic 
CFs. However, with high humic content, the surface properties of composite CFs were similar to that of the organic CFs, and the in-
fluence of pH on the surface characteristics of the composite CFs was attributed to the influence of pH on the surface organic com-
ponents of them. Therefore, with the increase of organic matter content, the optimal pH of NOR adsorption on the composite CFs 
changed from weakly alkaline to weakly acidic. Humic and fulvic acids contained many acidic functional groups and the humic coating 
on mineral particles could produce a surface charge on composite CFs, which could influence the morphology of inorganic particles by 
modifying the surface charges [62]. 

Fig. 4. Effects of (a) species and (b) strength of cation onto the adsorption of NOR on various CFs. (adsorption conditions: pH = 7, contact time =
24 h, and temperature = 25 ± 1 ◦C, in the dark). 
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3.3. Effects of ionic strength and cation species 

There are various cations in the aqueous environment, and the influence of different types of cations on the adsorption behavior of 
NOR on CFs is shown in Fig. 4a. In the presence of different cations, the adsorption capacities of NOR on CFs were changed as follows: 
Na+ > K+ > Ca2+ > Mg2+ > Al3+. Due to the high positive charge of high-valence cation, the ability to compete for the negative 
adsorption sites on the surface of CFs was stronger at the same cation concentrations, which led to the decrease of NOR adsorption with 
the increase of cation valence state [82,83]. As monovalent metal ions, Na+ and K+ can compete with NOR+ and inhibit the adsorption 
behaviors of NOR on CFs. For polyvalent metal ions such as Mg2+, Ca2+ and Al3+, the adsorption of NOR were weakened by 
competition with cationic NOR. Meanwhile, many studies have also confirmed that these metal ions can promote the adsorption of 
antibiotics through the bridge bond between antibiotics and sorbent [84,85]. Furthermore, in contrast to the monovalent Na+, the 
divalent Ca2+ led to greater electronic screening effect, and thus has stronger inhibition effect on NOR adsorption by CFs. It’s the same 
with the trivalent Al3+. It might be due to the fact that Ca2+ and Al3+ had bigger hydrated radius and occupied more adsorption sites 
than that of Na+, and thus they were more capable to inhibit the adsorption of NOR [86]. 

The influence of ionic strength on the adsorption of NOR in various CFs was investigated at various CaCl2 concentrations. As shown 
in Fig. 4b, with the addition of Ca2+ (0.1–5.0 mM), the values of KF for adsorption of NOR on the composite colloids decreased with the 
increase of ionic strength. The declined of NOR uptake would be owing to the competitive effects between NOR cation molecule and 
the Ca2+ ions during the adsorption process. The increasing of ionic concentrations decreased the active sites of the adsorbent, which 
confirmed the existence of electrostatic interactions between NOR and CFs [73]. In summary, the ionic strength strongly affected the 
NOR adsorption capacity onto CFs. 

4. Conclusions 

This study investigated the adsorption behaviors and affecting factors of NOR by different size of kaolinite-humic/fulvic acid 
composites, including particles fractions (PFs, >1 μm) and colloidal fractions (CFs, 1 kDa-1 μm) in aqueous solutions. The adsorption 
isotherms of NOR on PFs and CFs much more followed the Langmuir and Freundlich models, respectively. The adsorption of NOR was 
favored by the composite CFs. This result mainly attributed to two aspects: (1) The larger specific surface area and smaller particle size 
enhanced the adsorption sites of particles, and leaded to the stronger adsorption capacities for the composite CFs; (2) The presence of 
numerous oxygen-containing functional groups on the surfaces of the composite CFs, which facilitated the electrostatic attraction and 
generation of cation exchange or hydrogen bonds between the CFs and NOR. In addition, the environmental pH, strength and species of 
cation had great effect to the adsorption of NOR on composite colloids. These findings have significant implications for understanding 
the importance of natural colloid and its effect on the fate, migration, and bioavailability of antibiotics, which may provide new 
conception for the ecological assessment of hydrophilic contaminants in the aquatic environments. 
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