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a b s t r a c t
To investigate the adsorption performance of different modified hydroxyapatite nanoclusters 
(nHAs) for oxytetracycline (OTC), amphoteric modification of nHA with 50% and 100% dodecyl 
dimethyl betaine (BS) was performed to obtain BS-modified nHA (50BS-nHA and 100BS-nHA). 
Grafting modification of BS-nHA with thiourea–citral (TC) and thiourea–vanillin (TV) was also 
conducted to acquire TC- and TV-modified BS-nHA (TC-BS-nHA and TV-BS-nHA), respectively. 
The microscopic morphology of the tested materials was studied by scanning electron microscopy 
(SEM), Fourier-transform infrared spectroscopy (FTIR), and specific surface area (SBET) detection. 
Batch method was used to investigate the adsorption characteristic of OTC on the tested materials, 
and the effects of pH, temperature, and ionic strength on OTC adsorption were compared. Results 
were as follows: (1) After amphoteric and grafting modification, the pH, cation exchange capac-
ity (CEC), and SBET of nHA decreased, whereas the total organic carbon (TOC) content increased. 
SEM and FTIR showed that TC and TV were successfully linked to BS-nHA. (2) The isothermal 
adsorption curves of each test material for OTC were in accordance with the Langmuir model. 
The maximum adsorption amount (qm) of OTC ranged from 87.85 to 168.85  mmol/kg, and was 
in the order of TC-BS-nHA  >  TV-BS-nHA  >  BS-nHA  >  nHA. (3) The OTC adsorption of the test 
materials was negatively correlated with pH and ionic strength and positively correlated with 
temperature, and the optimum adsorption conditions were 30°C, pH  =  5, and ionic strength of 
0.01 mol/L. (4) The results of thermodynamic analysis indicated that the adsorption of OTC was a 
spontaneous, endothermic, and entropy-increasing reaction. The adsorption of OTC by each tested 
material conformed to the pseudo-second-order kinetic equation. TOC was the key to determin-
ing the adsorption capacity of each test material to OTC.

Keywords: �Hydroxyapatite nanocluster; Dodecyl dimethyl betaine; Grafting modification; 
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1. Introduction

With the progress of urbanization in recent years, the 
urban population has been increasing, leading to serious 

pollution of urban rivers and a greater impact on the ecolog-
ical environment of the cities and their surrounding areas. 
Therefore, our focus should be shifted to the treatment and 
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remediation of water pollution in urban rivers [1]. Antibiotics 
have the role of preventing diseases and promoting growth, 
and China is the world’s largest producer and consumer of 
antibiotics; only 15% can be absorbed by the human body 
and animals, and the remaining 85% is excreted from the 
body into the environment through metabolism [2]. Given 
that antibiotics are difficult to biodegrade, their accumu-
lation in the environment will bring serious risks to envi-
ronmental safety [3]; hence, investigating the adsorption 
and blocking of antibiotics in water treatment is important 
for human health and ecosystem safety. Antibiotic removal 
techniques in water bodies include adsorption [4], photo-
degradation [5,6] biodegradation [7], and electrochemical 
degradation [8]. Among them, adsorption is a cheap, conve-
nient, and efficient treatment and purification technology. Yu 
et al. [9] used a magnetic graphene oxide sponge to adsorb 
tetracycline with an adsorption capacity of up to 473 mg/g. 
Similarly, the adsorption of nitroimidazole antibiotics using 
buckwheat bark biochar was found to increase with tempera-
ture, eventually reaching 100%. Ahmed et al. utilized ligno-
cellulosic biochar to adsorb ciprofloxacin and norfloxacin 
with maximum removal rates of 96.12% and 98.13%, respec-
tively [10]. Moreover, the adsorption of sulfamethoxazole, 
ciprofloxacin, and trimethoprim in water was explored using 
composite magnetic nanogel spheres, and the maximum 
adsorption amounts reached 47.19, 59.65, and 96.47  mg/g, 
respectively [11]. Existing adsorbent materials have achieved 
good results in the adsorption of antibiotics, but further stud-
ies have revealed that physicochemical-modified materials 
are more effective in removing pollutants. Qin et al. [12] 
used modified biochar to effectively adsorb sulfonamides 
from water and found that the optimal pH and tempera-
ture were 4°C and 35°C, respectively. Modified natural fiber 
materials were adopted to adsorb three tetracycline antibiot-
ics from wastewater, and the removal rates of hygromycin, 
tetracycline, and doxycycline reached 67.27%, 79.08%, and 
87.40%, respectively [13]. A polydopamine-modified salecan 
hydrogel was prepared to enhance the antibiotic adsorption 
capacity, and the frontal maximum adsorption coefficients 
for chlorhexidine acetate, minocycline, and erythromycin 
were 134.85, 134.65, and 82.24 mg/g, respectively [14]. A hex-
agonal boron nitride-modified material was used to remove 
ofloxacin up to 99.74%, and its adsorption capacity reached  
305.32 mg/g [15].

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is a compound 
similar to bioapatite. Given its high adsorption capacity 
and low water solubility, HA is a good adsorbent for heavy 
metals, dyes, and other pollutants in wastewater [16]. The 
maximum adsorption capacity of HA for oxytetracycline 
(OTC) was up to 139.38 mmol/kg, with optimum pH = 8, and 
equilibrium was reached within 120  min [17]. The adsorp-
tion behavior of OTC on HA was correlated with pH, con-
tact time, adsorbent dose, and OTC concentration, and the 
removal rate of OTC could reach 97.58% [18]. Studies showed 
that HA nanoclusters (nHAs) are biomaterials with highly 
interconnected porous structures and a larger specific sur-
face area (SBET) [19]. If nHA was further modified with dif-
ferent modifiers, the adsorption capacity of nHA could be 
greatly enhanced. However, reports on the adsorption of 
OTC on modified nHA are few to date. In this work, dodecyl 
dimethyl betaine (BS) was used to modify nHA for obtaining 

BS-modified nHA (BS-nHA). Then, grafting modification of 
BS-nHA was implemented. The microscopic morphology 
of the tested materials was studied by scanning electron 
microscopy (SEM), Fourier-transform infrared spectroscopy 
(FTIR), and SBET detection. Batch method was used to inves-
tigate the adsorption characteristic of OTC on the tested 
materials, and the effects of pH, temperature, and ionic 
strength on OTC adsorption were compared. The results of 
this study will provide a basis for the theory and practice of 
nHA remediation of OTC pollution in water environments.

2. Materials and methods

2.1. Materials

2.1.1. Experimental surface modifier

BS (purchased from Tianjin Xingguang Auxiliary Factory, 
analytic reagent) was used as an amphoteric modifier. 
Thiourea (T, analytic reagent), citral (C, analytic reagent), 
and vanillin (V, analytic reagent), purchased from Chengdu 
Cologne Chemical Co., Ltd., were used as the grafting 
modifiers. The molecular formula of the three modifiers is 
shown in Fig. 1.

2.1.2. Preparation of nHA

The main raw materials were calcium nitrate tetrahydrate 
(Ca(NO3)2-4H2O), disodium hydrogen phosphate dodecahy-
drate (Na2HPO4-12H2O), and urea (CON2H4), which were 
purchased from Chengdu Kelong Chemical Reagent Factory. 
The template molecule was cyclohexane-1,2,3,4,5,6-hex-
acarboxylic acid (H6E) of analytical purity, purchased from 
Tokyo Kasei Kogyo Co., Ltd. H6E (5  mmol/L) was added 
to 0.1  mol/L  Ca(NO3)2-4H2O solution, then an appropriate 
amount of Na2HPO4-12H2O was added again, keeping the 
calcium to phosphorus ratio at 1.67:1. Afterward, 0.56 mol/L 
CON2H4 and dilute nitric acid were added to adjust the 
pH to 2.5. The solution was transferred to a reaction vessel 
and reacted at 150°C for 5  h. It was washed and dried to 
obtain nHA.

2.1.3. Preparation of BS-nHA

A wet process was adopted to prepare BS-nHA [20]. 
In this process, 100 g of nHA was slowly added to 1.0 L of 
dH2O, and different ratios (50% and 100%) of BS, which were 
calculated in accordance with the cation exchange capacity 
(CEC) of nHA, were added again. After stirring at 40°C for 
3 h, the samples were separated, washed with dH2O thrice, 
dried at 60°C for 12 h, and passed through a 60-mesh sieve. 
Next, 50%BS- and 100%BS-modified nHA were prepared 
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Fig. 1. Molecular structural formula of BS (a), T (b), C (c), and V (d).
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and recorded as 50BS-nHA and 100BS-nHA, respectively. 
The BS weight for a certain weight of nHA can be obtained 
by using Eq. (1).

W m M R
b

�
� � � ��CEC 10 6

	 (1)

where W (g) refers to the weight of BS, m (g) refers the 
weight of the nHA that will be modified, CEC (mmol/kg) 
represents the CEC of nHA, M (g/mol) is the molecular 
mass of BS, R stands for the modified proportion of BS, and 
b specifies the product content of BS (mass fraction).

2.1.4. Grafting modification of BS-nHA

50BS-nHA and 100BS-nHA were modified with thiourea–
citral (TC) and thiourea–vanillin (TV) through grafting to 
obtain TC- and TV-modified 50BS-nHA and 100BS-nHA, 
respectively. The four treatments were expressed as TC-50BS-
nHA, TC-100BS-nHA, TV-50BS-nHA, and TV-100BS-nHA. 
The dosages of TC and TC were calculated in accordance 
with the wet method.

2.1.5. Preparation of OTC pollutant

The test contaminant OTC was purchased from Sigma, 
USA, with a purity of 99.9%. As shown in Fig. 2 the hygro-
mycin molecule has three pKa (pK1  =  3.57, pK2  =  7.49, 
pK3 = 9.44) [21]. At pH < 5.5, OTC is mainly present as cations 
and amphoteric ions, at 5.5 < pH < 8.7, it is mainly present 
as amphoteric ions and amidated anions, and at pH  >  8.7, 
amidated and divalent anions are predominant [22].

2.2. Experimental design

2.2.1. Microscopic morphology of the tested materials

The basic physicochemical properties, such as pH, CEC, 
and total organic carbon (TOC) content of the tested mate-
rials were determined. The microscopic morphology of 
the tested materials was studied by using SEM, FTIR, and 
SBET detection.

2.2.2. Adsorption isotherm experiment

The concentrations of OTC were set to ten concentra-
tion gradients of 0, 0.3, 0.6, 1.2, 3, 6, 12, 18, 24, and 30 mg/L. 

The temperature was set to 20°C, the pH of the solution 
was set to 5, and the ionic strength was set to 0.1  mol/L  
of NaCl.

2.2.3. Influencing factor experiment

Temperature is set at 10°C, 20°C and 30°C (pH value of 
the solution: 5; ionic strength: 0.1 mol/L). pH values are set at 
3, 5, and 7 (initial solution temperature: 20°C; ionic strength: 
0.1 mol/L). Ionic strength was set at 0.01, 0.1, and 0.2 mol/L 
(pH value of the solution: 5; initial solution temperature: 
20°C).

2.2.4. Adsorption kinetics of OTC

The adsorption time was set as 5, 10, 30, 60, 120, 180, 
240, 300, 360, 480, and 720  min. The temperature was set 
as 20°C, the pH value of the solution was set as 5, and the 
ionic strength was set as 0.1 mol/L of NaCl.

2.3. Experimental methods

SBET were analyzed using a multipoint BET method 
through the Gold APP V-Sorb2800P analyzer (Ultrametrics, 
Beijing, China). SEM was performed using the Japanese 
Hitachi S-4800 scanning electron microscope. FTIR anal-
ysis was performed on the Nicolet iS50 type Fourier trans-
form infrared spectrometer (ThermoFisher, Massachusetts,  
USA).

The batch equilibrium method was used for OTC adsorp-
tion. A total of 0.1000 g of the sample was weighed in nine 
50-mL plastic centrifuge tubes to which 20 mL of OTC solu-
tions with different concentration gradients were respectively 
added. The samples were oscillated at 20°C and 200 rpm for 
12  h at constant temperature and centrifuged at 4,800  rpm 
for 10 min. The concentration of the OTC in the supernatant 
was determined, and the equilibrium adsorption amount 
was calculated by the subtraction method. All the above 
measurements were substituted into the standard solution 
for analytical quality control.

2.4. Data processing

2.4.1. Calculation of equilibrium adsorption capacity

Equilibrium adsorption capacity was calculated 
according to Eq. (2).
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Fig. 2. Structure and pH-dependent speciation of OTC.
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q
V C C

me
e�

�� �0 	 (2)

where C0 and Ce are the initial concentration and equilibrium 
concentration of OTC in solution, respectively (mmol/L). 
V refers the volume of OTC solution added (mL). m is the 
mass of the tested sample (g). q indicates the equilibrium 
adsorption capacity of OTC on the tested sample.

2.4.2. Fitting of adsorption isotherms

The Langmuir and Henry model were used to fit the 
adsorption isotherm of OTC, as shown in Eqs. (3) and (4).

q
q bC
bCe

m e

e

�
�1

	 (3)

q KCe e= 	 (4)

where qm is the maximum adsorption amount of OTC for 
the tested sample, mmol/kg; b is the apparent equilibrium 
constant of OTC adsorption on the tested sample for the 
measurement of adsorption affinity. K represents the distri-
bution coefficient of OTC in solid phase adsorbent and sol-
vent, and also represents the OTC binding capacity of the 
tested sample to a certain extent.

2.4.3. Fitting of adsorption kinetics model

The pseudo-first-order and pseudo-second-order kinet-
ics equation models were used to simulate the adsorption 
process of OTC on the tested materials [23]. The kinetics 
equations were defined as Eqs. (5) and (6).

ln lnq q q k te t e�� � � � 1 	 (5)

t
q q k

t
qt e e

� �
1
2

2
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where qt (mmol/kg) is the adsorption capacity corresponding 
to the adsorbent at time t; k1 (min–1) and k2 (mmol/kg·min) are 

pseudo-first-order and pseudo-second-order reaction rate 
constants, respectively; t is the adsorption time (min).

2.4.4. Calculation of thermodynamic parameters

Parameter K in the Henry model is equivalent to the 
apparent adsorption constant of equilibrium constant, 
and called the apparent thermodynamic parameters [2]; 
Eqs. (7)–(9):
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where ΔG is the standard free energy change (kJ/mol), 
R is a constant (8.3145  J/mol·K), T is the adsorption tem-
perature (T1 = 283.16 K, T2 = 303.6 K), ΔH is the enthalpy of 
adsorption process (kJ/mol), and ΔS is the entropy change 
of adsorption process (J/mol·K).

CurveExpert 1.4 fitting software was used in isothermal 
fitting, and Origin 2022 was adopted to improve data plot-
ting. The data were expressed as the means with standard 
deviation, and different letters indicate significant differ-
ences among various amendments. Analysis of variance 
was performed to determine the effects of amendments, 
followed by Tukey’s honestly significant difference test. 
Differences of P < 0.05 were considered significant.

3. Results and discussion

3.1. Physicochemical and microscopic characteristics of test 
materials

The basic physical and chemical properties of different 
modified nHAs are shown in Fig. 3. After the modification of 
BS, the pH, CEC, and SBET of BS-nHA decreased, whereas the 
TOC of BS-nHA increased. The changes in physicochemical 
properties of nHA after 100%BS modification were greater 
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Fig. 3. Physical and chemical properties of test materials.
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than those after 50%BS modification. After grafting modi-
fication, the pH, CEC, and SBET of different modified nHAs 
all showed a trend of nHA > BS-nHA > TC-BS-nHA > TV-BS-
nHA. The TOC of different modified nHAs exhibited a 
trend of TC-BS-nHA  >  TV-BS-nHA  >  BS-nHA  >  nHA. SBET 
of nHA decreased by 32.16%–33.95% after the modification 
with BS and by 42.33%–43.26% and 55.98%–64.87% after the 
grafting modification with TC and TV, respectively.

Fig. 4a shows the SEM images of nHA before and after 
modification. From the image, nHA had a cluster shape with 
obvious pore structure. When it was modified with BS, the 
cluster shape of BS-nHA was reduced. After the grafting 
medication with TC and TV, the original pores of nHA were 
filled and formed a wall skin-like structure. Fig. 4b presents 
the FTIR spectra of different modified nHAs. With the mod-
ification using BS, TC, and TV, the structural groups in the 
tested materials did not change the characteristic peak. The 
absorption peaks with wave numbers around 3,400  cm–1 
were O–H or N–H stretching vibration absorption peaks, 
and they overlapped to produce broadened absorption 
peaks [24]. The vibrational wave numbers near 1,600  cm–1 
were mainly C=C stretching vibration characteristic peaks, 
and BS modification made their absorption intensity larger, 

which proved that BS was successfully attached to nHA. 
The peaks near 1,400 and 1,048  cm–1 were C=O and C=S 
characteristic peaks, respectively [22], which confirmed that 
TV and TC were successfully grafted onto BS-nHA.

3.2. Isothermal adsorption characteristics of OTC

The adsorption isotherms of OTC on the modified nHAs 
under the condition of 20°C, pH = 5, and ionic strength of 
0.1  mol/L are shown in Fig. 5a and b. The OTC adsorp-
tion capacity of different modified nHAs increased with 
the increase in equilibrium concentration, showing linear 
adsorption curves. At the same equilibrium concentration, 
the OTC adsorption capacity of the modified nHAs was 
higher than that of unmodified nHA. The Langmuir and 
Henry models were used to fit the adsorption isotherms of 
OTC by different modified nHAs (Table 1). The fitting cor-
relation reached a highly significant level (P < 0.01), and the 
fitting effect of the Langmuir model was better than that of 
Henry model.

The maximum adsorption capacity (qm) values of OTC 
on each modified nHA was 87.85–168.85 mmol/kg, ranking 
in the order of TC-BS-nHA > TV-BS-nHA > BS-nHA > nHA. 
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Fig. 4. Scanning electron microscopy (a) and Fourier-transform infrared spectroscopy (b) characteristics of different materials.
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Fig. 5. Isothermal adsorption curve of OTC on test materials.
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The qm values of OTC on 100BS-nHA was higher than that 
on 50BS-nHA. Compared with that on raw nHA, the adsorp-
tion amount of OTC on modified nHA was increased by 
35.89%–46.42% (BS-nHA) and 39.51%–92.20% (grafting-mod-
ified BS-nHA). The distribution coefficient (K) of OTC 
adsorption presented the same trend as qm. The adsorption 
affinity (b) of the Langmuir model changed within 1.32–1.89, 
indicating that modified nHAs had low adsorption affinity 
to OTC. The modification of nHA enriched the functional 
group of nHA, thus promoting the reaction between anti-
biotics and nHA materials and facilitating the adsorption of 
antibiotics [24]. The above results are similar to those of mod-
ification of clay, biochar, and other materials [25].

3.3. Effect of pH and ionic strength on OTC adsorption

Under the conditions of 30  mg/L of OTC, 20°C, ionic 
strength of 0.1 mol/L, and pH range of 3–7, the OTC adsorp-
tion amount of each modified nHA first increased and then 
decreased with the increase in pH, reaching the maximum 
value at pH = 5, as shown in Fig. 6. When pH changed from 
3 to 5, the adsorption of OTC increased by 25.34%–44.73%. 
OTC is positively charged at pH values below 3.30, can exist 

as positively or negatively charged species between pH 
3.30 and 7.69, and is predominantly in anionic form at pH 
above 9.50 [26]. Under the conditions of pH = 5, OTC exists 
mainly as amphoteric ions, which are more likely to interact 
with the modified nHA [27], so the adsorption of the modi-
fied nHAs is better. As the pH increased, OTC started to take 
on the same negative charge as the surface of the modified 
nHAs and electrostatic repulsion occurred, which affected 
the OTC adsorption.

Fig. 7 depicts the effect of ionic strength on the adsorp-
tion of OTC by the modified nHAs. The adsorption amounts 
of OTC exhibited a decreasing trend as the ionic strength 
increased from 0.01 to 0.2 mol/L, with the peak adsorption 
observed at an ionic strength of 0.01 mol/L, and the adsorp-
tion amount of OTC decreased by 24.04%–28.97%. This 
observation could be attributed to the influence of ionic 
strength on the hydrophobic properties of antibiotic mol-
ecules. When the concentration of electrolyte cations was 
high, the adsorption sites on the surface of the modified 
nHAs were occupied by these cations, which formed an ion 
exchange competition with OTC for adsorption, resulting in 
a decrease in the amount of OTC adsorbed [28].

3.4. Effect of temperature on OTC adsorption

Under the conditions of pH  =  5 and ionic strength of 
0.1 mol/L, the influence of temperature on the adsorption of 
OTC by different modified nHAs is shown in Fig. 8. As the 
temperature increased from 10°C to 30°C, the adsorption 
amount of OTC by the modified nHAs increased, indicating 
a positive temperature effect [11]. The adsorption amounts 
of OTC by the modified nHAs increased by 14.27%–47.05% 
as the temperature changed from 10°C to 30°C. With the 
increase in temperature, the rate of diffusion movement of 
OTC molecules in the solution increased, and the contact 
rate with the surface of the modified nHAs was accelerated, 
thereby increasing the heat absorption reaction between 
OTC and the modified nHAs. Consequently, the adsorption 
of OTC increased with the increase in temperature.

Table 2 shows the thermodynamic parameters of the 
adsorption of OTC on the modified nHAs. At 10°C and 30°C, 

Table 1
Langmuir fitting parameters of OTC adsorption

Test material Langmuir model Herry model

r qm 
(mmol/kg)

b r K

nHA 0.9751** 87.85 1.89 0.9609** 145.46
50BS-nHA 0.9724** 119.38 1.61 0.9430** 177.30
TC-50BS-nHA 0.9801** 166.48 1.38 0.9608** 230.45
TV-50BS-nHA 0.9898** 122.56 1.86 0.9787** 220.54
100BS-nHA 0.9733** 128.63 1.44 0.9434** 174.80
TC-100BS-nHA 0.9797** 168.85 1.32 0.9618** 226.27
TV-100BS-nHA 0.9868** 136.17 1.63 0.9721** 214.02

Note: ** indicates significant correlation at the P = 0.01 level.
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Fig. 6. Effect of pH on the adsorption of OTC by test materials.
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the Gibbs free energy variation (ΔG) of OTC adsorption on 
each modified nHA was less than 0. That is, the adsorp-
tion process of OTC was spontaneous, and the spontaneity 

at 30°C was stronger than at 10°C under the same mate-
rial. The enthalpy change (ΔH) of the modified nHAs was 
greater than 0, indicating that the adsorption was an endo-
thermic reaction. An increase in temperature could increase 
the thermal process of OTC and promote the chemisorption 
process. The entropy change (ΔS) of the modified nHAs 
was greater than 0, implying that the adsorption belonged 
to entropy-increasing reaction. Hence, the randomness 
of OTC at the solid–liquid interface increased during the 
adsorption process [29].

3.5. Kinetic characteristics of OTC adsorption on test materials

The adsorption kinetic curves of OTC on different modi-
fied nHAs are shown in Fig. 9. OTC reached adsorption equi-
librium at approximately 240  min. The adsorption of OTC 
on the modified nHAs was simulated using pseudo-first-or-
der and pseudo-second-order kinetic equation models. The 
fitting parameters of the adsorption kinetics are shown in 
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Table 2
Thermodynamic parameters of OTC adsorption by test materials

Test material ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol·K)

10°C 30°C

nHA –17.45 –19.01 3.17 72.81
50BS-nHA –17.11 –18.60 3.08 71.32
TC-50BS-nHA –16.70 –18.21 3.20 70.27
TV-50BS-nHA –16.82 –18.97 4.44 75.09
100BS-nHA –17.01 –18.33 2.75 69.80
TC-100BS-nHA –16.60 –18.10 3.20 69.91
TV-100BS-nHA –16.75 –18.64 3.94 73.06
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Table 3. The adsorption kinetics of all antibiotics conformed 
to the pseudo-second-order kinetic equation. The R2 val-
ues of the pseudo-second-order kinetic equation for OTC 
adsorption were higher than those of the pseudo-first-or-
der kinetic equation. Therefore, the pseudo-second-order 
kinetic equation model accurately described the adsorption 
kinetics. The results showed that the adsorption of OTC by 
the modified nHAs was primarily driven by chemisorption, 
consistent with the observed temperature effect [30].

3.6. Influencing factors and mechanisms of OTC adsorption

qm and K of OTC adsorption were linearly fitted with 
the physicochemical properties of the test materials, and the 
fitting results are shown in Table 4. qm of the test materials 
was negatively correlated with pH, CEC, and SBET, whereas 
qm significantly positively correlated with TOC. K of the test 
materials was significantly negatively correlated with pH, 
CEC, and SBET, whereas qm significantly positively correlated 
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Fig. 9. Adsorption kinetics of OTC on test materials.

Table 3
Kinetic parameters of OTC adsorption by test materials

Treatments Pseudo-first-order kinetic equation Pseudo-second-order kinetic equation

qe (mol/kg) k1 (min–1) R2 qe (mol/kg) k2 (kg/mol·min) R2

nHA 5.23 0.04 0.9737** 5.55 0.11 0.9851**
50BS-nHA 5.50 0.04 0.9516** 5.88 0.009 0.9876**
TC-50BS-nHA 6.13 0.03 0.9601** 6.81 0.005 0.9882**
TV-50BS-nHA 6.11 0.03 0.9700** 6.52 0.006 0.9885**
100BS-nHA 5.80 0.03 0.9737** 6.19 0.008 0.9919**
TC-100BS-nHA 6.67 0.03 0.9598** 7.16 0.006 0.9847**
TV-100BS-nHA 6.27 0.03 0.9520** 6.70 0.007 0.9855**

Table 4
Effect of physicochemical properties of test materials on qm and k

Adsorption parameters Physicochemical properties Regression equation r S

qm pH pH = –0.0183qm + 11.12 0.6637 0.64
CEC CEC = –1.424qm + 392.10 0.5831 61.30
SBET SBET = –0.4555qm + 131.88 0.5796 19.78
TOC TOC = 1.797qm – 111.39 0.7891* 43.21

K pH pH = –0.0204K + 12.74 0.8531** 0.44
CEC CEC = –1.745K + 549.22 0.8241* 42.75
SBET SBET = –0.5099K + 172.54 0.7483* 16.10
TOC TOC = 1.457K – 161.58 0.7374* 47.51

Note: ** and * indicate a significant correlation at P = 0.01 and p = 0.05 levels, respectively.
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with TOC. Hence, TOC was the key to determining the 
adsorption effect of OTC by the tested materials. The TOC 
of the test materials could provide a large number of func-
tional groups and adsorption sites for OTC, promoting the 
OTC adsorption [31].

Fig. 10 shows the OTC adsorption mechanism diagram 
of the test materials. After modification with BS, the −N+ on 
the hydrophilic group of BS bound to the negative charge 
on nHA surface, and the hydrophobic carbon chain on BS 
extended outward to form an organic phase on the surface 
[32]. The carboxyl group contained on BS produced π–π inter-
actions with OTC, and the functional group O–H on the test 
material was hydrogen bonded with OTC. In addition, the 
modified material exhibited ion exchange and electrostatic 
attraction with OTC to improve the adsorption capacity. After 
grafting modification, the addition of nitrogen- and oxygen- 
containing functional groups to OTC increased the acidity 
of nHA and enhanced its CEC and electrostatic attraction.

4. Conclusion

The pH, CEC, and SBET of nHA decreased and the TOC 
content of nHA increased after amphoteric and grafting 
modification. SEM and FTIR showed that TC and TV were 
successfully linked to BS-nHA. qm of OTC ranged from 
87.85 to 168.85  mmol/kg and was in the order of TC-BS-
nHA > TV-BS-nHA > BS-nHA > nHA. The OTC adsorption 
of the modified nHAs was negatively correlated with pH 
and ionic strength and positively correlated with tempera-
ture, and the optimum adsorption conditions were 30°C, 
pH = 5, and ionic strength of 0.01 mol/L. The thermodynamic 
analysis indicated that the adsorption of OTC was a sponta-
neous, endothermic, and entropy-increasing reaction. OTC 
adsorption by the modified nHAs was in accordance with 
the quasi-secondary kinetic equation, and TOC was the key 
to determining the adsorption capacity of OTC. For practi-
cal application, the modified nHAs has economic, ecologi-
cal, and effective advantages and high application value for 
pollution remediation.
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