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Abstract:



Low-cost and efficient activated carbon (AC) was prepared from Typha orientalis via phosphoric acid activation for chloramphenicol (CAP) removal. The adsorption capacity and mechanisms of CAP on AC were investigated. The physicochemical properties of AC were characterized by an N2 adsorption/desorption isotherm, elemental analysis, Boehm’s titration and X-ray photoelectron spectroscopy (XPS). The effects of experimental parameters were investigated to study the adsorption behaviors of CAP on AC, including contact time, initial concentration, ionic strength, and initial pH. AC had a micro-mesoporous structure with a relatively large surface area (794.8 m2/g). The respective contents of acidic and basic functional groups on AC were 2.078 and 0.995 mmol/g. The adsorption kinetic that was well described by a pseudo-second-order rate model implied a chemical controlling step. The adsorption isotherm was well fitted with the Freundlich isotherm model, and the maximum CAP adsorption capacity was 0.424 mmol/g. The ionic strength and pH had minimal effects on CAP adsorption. The dominant CAP adsorption mechanisms on AC were evaluated and attributed to π-π electron-donor-acceptor (EDA) interaction, hydrophobic interaction, in conjunction with hydrogen-bonding interaction. Additionally, AC exhibited an efficient adsorption performance of CAP in a realistic water environment.
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1. Introduction


Chloramphenicol (CAP) as a broad-spectrum antibiotic is commonly used as a human antibiotic and veterinary drug due to its low cost and excellent antibacterial effects against many Gram-positive and Gram-negative bacteria [1,2]. However, CAP has many dangerous side-effects, including aplastic anaemia, genotoxic carcinogenicity and gray baby syndrome [3,4,5]. In addition, antibiotic resistance is another risk of indiscriminate use of CAP, which makes the diseases caused by microorganisms difficult or impossible to be cured [6]. To reduce the threat to public health from CAP residues, a minimum required performance limit (MRPL) of 0.3 μg/kg for CAP in products of animal origin has been set by the European Union [7]. Although CAP is banned for use in food production in many countries, including the European Union, United States, Canada, Australia, Japan, and China [1,8], the wastewater from antibiotic manufacturing, improper disposals of drugs or illegal usage in aquaculture still pollutes the water environment [8,9]. CAP can be detected frequently in surface water, groundwater, wastewater and even drinking water [10]. Therefore, it is necessary and important to develop a sensitive and cost-effective strategy for extraction of CAP in contaminated waters. Until now, only a few studies on CAP removal from water or wastewater have been reported, especially using porous carbon materials such as low-cost activated carbon.



Biological, chemical, and physical methods are the conventional processes for removing organic pollutants. Owing to the antibacterial nature, CAP cannot be effectively removed by biodegradation in traditional biological treatment [11,12]. Photocatalytic degradation, radiation-induced, ozonation were reported to removal CAP [13,14,15]. However, these methods exhibit some disadvantages such as poor efficiency or high operational costs, and the by-products of CAP might be more toxic for human health [15,16]. For instance, photocatalytic degradation of CAP would produce rich toxicity byproducts, which have potential carcinogenic risks for human beings and animals [17]. Adsorption, due to its simplicity and eco-friendliness, is an effective method for antibiotic removal from aqueous solution [18,19]. Porous materials have been used in CAP adsorptive removal, such as mesoporous silica, carbon nanotubes (CNTs), earth materials, bamboo charcoal (BC) and mesoporous carbon [20,21,22,23,24]. Although mesoporous silica and CNTs showed high CAP adsorption capacities, they exhibited potential toxicity, complex fabrication process and high cost ($120–180 per kilogram of CNTs) [23,25]. Earth materials (e.g., kaolinite, montmorillonite and zeolites) and BC are relatively cheap and easy to obtain, but poorly adsorb CAP [22,26]. Fan et al. [26] reported a value of 3 mg/g for CAP adsorption capacity by NaOH-modified BC, and Sun et al. [22] estimated CAP adsorption capacity of modified kaolinite of only around 0.59 mg/kg. As a promising porous carbonaceous adsorbent, activated carbon has demonstrated an extraordinary adsorption capacity for removing various antibiotics due to its large surface area and highly developed pore volume [18,24,27]. Mohd Din et al. [24] found mesoporous carbons produced by a hard-templating method have a maximum adsorption capacity of CAP of around 209.7 mg/g. Activated carbon can be produced from aquatic plants, which are widely used in constructed wetlands and obtained at no cost [18,27,28,29]. For this reason, aquatic plant-based activated carbon could greatly reduce the cost of preparation. Typha orientalis, a perennial aquatic plant, has a developed ventilation system and can provide large quantities of biomass [29]. Therefore, this plant is available at low cost and could offer a good precursor for the preparation of efficient porous carbon materials.



The aim of this research was to evaluate the feasibility of preparation of activated carbon by using Typha orientalis with phosphoric acid activation and the removal of CAP from aqueous solutions by the prepared activated carbon. The physicochemical properties of activated carbon and CAP adsorption mechanisms were investigated by N2 adsorption/desorption isotherms, Boehm’s titration, XPS analysis, batch adsorption experiments and desorption experiments. Furthermore, the CAP adsorption performance of the prepared activated carbon in a realistic water environment was evaluated.




2. Materials and Methods


2.1. Materials


The CAP (purity > 98%) used in this work was purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The molecular structure and properties of CAP are shown in Figure 1 and Table 1. Naphthalene (98%) and 2,4-dinitrotoluene (>99%) were purchased from Aladdin (Shanghai, China). All other chemical reagents were of analytical reagent grade. The dry Typha orientalis (TO) was collected from a wetland in Jinan, Shandong, China. TO was washed with distilled water to remove impurities, then dried at 105 °C for 24 h, smashed and screened to 40-mesh particle size by standard sieves (Model Φ200) to serve as a precursor for the preparation of activated carbon.


Figure 1. Molecular structure of CAP.
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Table 1. Properties of CAP.





	Compound
	Chemical Formula
	Molecular Weight
	log Kow [23]
	pKa [30]





	CAP
	C11H12·Cl2O5N2
	323.13
	1.14
	11.03







Notes: log Kow, octanol-water partition coefficient.









2.2. Preparation of Activated Carbon


Activated carbon (AC) was prepared by phosphoric acid activation. TO (10 g) was adequately impregnated with H3PO4 solution (85 wt. %) at a ratio of 2.5/1 (g H3PO4/g TO) for 12 h at room temperature. After impregnation, the liquid mixture was directly put into a muffle furnace and heated to 450 °C for 1 h for activation treatment. Then, the product was washed with distilled water until the pH of the filtrate stabilized. Finally, the samples were filtered and dried at 105 °C for 10 h, then ground and sieved to 100–200-mesh using standard sieves.




2.3. Characterization of Activated Carbon


The specific surface area and pore size distribution of AC before and after CAP adsorption were determined by N2 adsorption/desorption isotherms at 77 K with a surface area analyzer (Quantachrome Corporation, Boynton Beach, FL, USA). Before N2 adsorption analysis, all samples were degassed at room temperature for 12 h to avoid thermal decomposition of adsorbed CAP. The specific surface area (SBET) was calculated by the Brunauer-Emmett-Teller (BET) method, and pore size distribution was determined by the Density Functional Theory (DFT) method. Total pore volume (Vtot) was determined from the volume of N2 adsorbed at P/P0 = 0.95. Micropore surface area (Smic), external surface area (Sext) and micropore volume (Vmic) were obtained via t-plot analysis. Average pore diameter (Dp) was calculated from Dp = 4Vtot/SBET [31].



The surface functional groups on AC were quantified by Boehm’s titration method [32]. The pH at the point of zero charge (pHpzc) of AC was estimated using the batch equilibrium method developed by Noh and Schwarz [33]. The surface binding state and elemental speciation of AC were analyzed by X-ray photoelectron spectroscopy (XPS) (Perkin-Elmer PHI 550 ESCA/SAM, Perkin-Elmer, Norwalk, CA, USA) with Mg Kα irradiation (1486.71 eV of photons) as the X-ray source. All binding energies were referenced to the C 1s peak at 284.6 eV to compensate for the surface charging effects.




2.4. Adsorption Experiments


All batch adsorption experiments were performed in 150-mL stoppered conical flasks containing 30 mg AC mixed with 50 mL CAP solution. The initial pH of the CAP solution was adjusted with 0.1 M HCl or NaOH solution and measured with a pH meter (Model pHS-3C, Leici Equipment Factory, Shanghai, China). The ionic strength was adjusted with NaCl solution. The samples were shaken at 25 °C and 120 rpm in a thermostated shaker bath (model THZ-82B, Jintan Medical Instrument Factory, Jintan, China) for 48 h to ensure adsorption equilibrium. After equilibrium, the samples were filtered through a 0.45-μm membrane filter, and the concentration of CAP in the filtrate was analyzed by a UV-vis spectrophotometer (UV-5100, Shanghai Metash Instruments Factory, Shanghai, China) at a maximum wavelength of 278 nm [24].



For isotherm studies, the CAP adsorption capacity was evaluated within the initial CAP concentration in a range of 0.1–0.3 mmol/L at different ionic strengths (0, 50 and 500 mM NaCl). The maximum CAP adsorption capacity of commercial carbon F400 (Calgon, Pittsburgh, PA, USA) was also studied to compare with AC.



The influence of pH on the removal of CAP by AC was performed under a pH range of 2.0–8.0 at 0.2 mmol/L CAP solution.



The adsorption capacity and removal efficiency of CAP were calculated according to Equations (1) and (2):
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(1)
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(2)




where Qe is the adsorption capacity (mmol/g), C0 and Ce is the initial and equilibrium CAP concentration (mmol/L); V is the solution volume (L); W is the mass of adsorbent (g).



For kinetic studies, 0.6 g AC was added to 1-L CAP solutions (0.15, 0.2 and 0.3mmol/L) in a set of beakers and agitated with an electromagnetic stirrer (Model 78-1, Huanyu Science Instrument Factory, Wenzhou, China) at 400 rpm at 25 °C. Then, 20 mL of each sample was taken out at predetermined time intervals and filtered through a 0.45-μm membrane filter (Xinya Purifier Devices Factory, Shanghai, China) for CAP concentration analysis.



Competition adsorption of CAP and two neutral compounds, 2,4-dinitrotoluene (2,4-DNT) and naphthalene, was tested. The experiments were carried out at initial pH 2.5, with initial respective concentrations of CAP, 2,4-DNT and naphthalene of 0.1 mmol/L, 0.05 mmol/L and 0.05 mmol/L.



All experiments were done in triplicate. The averages were used with the relative error below 5%.




2.5. Desorption Experiments


An adsorption experiment was performed at a 0.2-mmol/L CAP solution (pH 6.35) as described above. Then, desorption experiments were carried out immediately after the adsorption experiments. The samples were centrifuged, and the activated carbon was washed with distilled water to remove unabsorbed CAP. Then, the activated carbon was mixed with 50 mL of different solutions: (a) distilled water, (b) 0.01 M NaCl; (c) 1 M NaCl; (d) 0.1 M NaOH; and (e) 95% ethanol. The simples were shaken at 120 rpm (room temperature) for 48 h. After equilibrium, the samples were filtered and the CAP concentration analyzed. All experiments were done in triplicate. The averages were used with the relative error below 5%.




2.6. Adsorption of CAP in Realistic Water Environment


Groundwater was collected from Jinan Water Group Co., Ltd. (Jinan, China), and treated wastewater was collected from the Second Wastewater Treatment Plant of Everbright Water (Jinan) Ltd. (Jinan, China). The water samples were filtered through 1.2-μm filter paper and characterized by the standard methods [34]. The adsorption experiments were carried out by adding 30 mg AC to 50 mL of water (i.e., distilled water, groundwater and treated wastewater) spiked with 0.2 mmol/L CAP and shaken at 25 °C and 120 rpm in a thermostated shaker bath (model THZ-82B, Jintan Medical Instrument Factory, Jintan, China) for 48 h to ensure adsorption equilibrium. All experiments were done in triplicate. The averages were used with the relative error below 5%.





3. Results and Discussion


3.1. Physical and Chemical Properties of AC


Adsorbent porosity is an important factor of the adsorption capacity of activated carbon. N2 adsorption/desorption isotherms and pore size distribution of AC are illustrated in Figure 2. The textural parameters and yield of AC were calculated and summarized in Table 2. The yield of AC was 40.03%. According to the Figure 2, a type IV isotherm was observed, which had a wide hysteresis loop at high relative pressures [35]. AC had a mixed microporous and mesoporous structure. Additionally, the pore size distribution curve (Figure 2) showed the pores of AC were mostly located in the mesoporous (2–20 nm) range. The average pore diameter of AC was 6.37 nm. The SBET was 794.8 m2/g, with a Vtot of 1.266 cm3/g, and the contribution of micropore to the total pore volume was 12.2%, reflecting a mostly mesoporous structure of AC. The adsorbent porosity can affect adsorption of antibiotics through the pore effect (e.g., pore filling or size exclusion) depending on the geometry of the adsorbate molecules [36]. The adsorbate with the molecular size similar to the micropore diameter will be preferentially adsorbed on activated carbon, and the size-exclusion effect will occur when the pore diameter is smaller than approximately 1.7 times the molecule’s second-widest dimension [37]. The presence of mesoporous could increase the diffusion rate of adsorbate molecules in the particles. The geometry of the CAP molecule (3.93 × 8.30 × 11.03 Å, calculated using Gaussian 09 software, Gaussian Inc., Wallingford, CT, USA) was smaller than the width of micropores (<2 nm). In the CAP adsorption process, mesopores provided channels for CAP species to diffuse into the internal pores of AC, and then CAP was adsorbed on AC by micropore-filling and chemical reaction. The contribution of porosity in CAP adsorption was also investigated, the pore size distribution and textural parameters of AC before and after CAP adsorption are compared in Figure 2 and Table 2. Obviously, both micropores and mesopores of AC were occupied by CAP molecules. The volume of pores with diameters around 1.0–1.3 nm (consistent with the size of CAP) was obviously smaller after CAP adsorption, implying micropore-filling occurred. The adsorption sites existed in the mesoporous spaces were efficiently combined with the CAP, reducing the mesoporous volume. As a result, the pore structure of AC could be conducive to rapid adsorption of CAP.


Figure 2. Pore size distribution and N2 adsorption/desorption isotherm (insert) of AC before CAP adsorption and AC after CAP adsorption (AC-CAP). The pore size distribution was determined by the Density Functional Theory (DFT) method.
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Table 2. The yield and textural characterization before and after CAP adsorption of AC.





	Sample
	SBETa (m2/g)
	Sextb (m2/g)
	Smicb (m2/g)
	Vtotc (cm3/g)
	Vmicb (cm3/g)
	Vmic/Vtot (%)
	Dpd (nm)
	Yield (%)





	AC
	794.8
	543.4
	251.4
	1.266
	0.154
	12.2
	6.37
	40.03



	AC-CAP
	672.3
	503.8
	168.5
	1.136
	0.106
	9.3
	5.51
	-







Notes: aSBET (BET surface area) was calculated by the Brunauer-Emmett-Teller (BET) method; bSext (External surface area), Smic (Micropore area) and Vmic (Micropore volume) were obtained via t-plot analysis. cVtot was calculated for P/P0 = 0.95. dDp (average pore diameter) was calculated by Dp = 4Vtot/SBET.








To verify the identity and quantity functional groups on AC, Boehm’s titration was conducted (Table 3). The majority of the oxygen functional groups were acidic (2.078 mmol/g), accounting for 67.62% of the total functional groups. Carboxyl, lactone and phenolic groups were 0.695, 0.596 and 0.787 mmol/g, respectively. The basic groups were 0.995 mmol/g. Therefore, the activated carbon was acidic. The pH of point of zero charge (pHpzc) of AC was 6.03, which coincided with the results of Boehm’s titration. The O-containing groups on AC can act as hydrogen bond donor and acceptor sites to connect CAP molecules via hydrogen-bonding interaction. Phenolic groups on carbon material serve as electron-donating groups promoting the π-π electron-donor-acceptor (EDA) interaction between the aromatic ring of CAP and graphite structure of carbon material. Therefore, the effective CAP adsorption sites can be provided by these functional groups on AC surface.


Table 3. pHpzc and concentrations of surface functional groups of AC.





	Sample
	Carboxyl (mmol/g)
	Lactone (mmol/g)
	Phenolic (mmol/g)
	Total Acidic (mmol/g)
	Total Base (mmol/g)
	Total Groups (mmol/g)
	pHpzc





	AC
	0.695
	0.596
	0.787
	2.078
	0.995
	3.073
	6.03



	%/total groups
	22.62
	19.39
	25.61
	67.62
	32.38
	-
	-










3.2. Adsorption Kinetics


The influence of contact time on CAP adsorption at three different initial concentrations by AC is presented in Figure 3. Similar trends were observed at all three CAP concentrations; the adsorption of CAP increased rapidly and reached the 90% maximum adsorption capacity within 1 h due to the abundant vacant adsorption sites on AC at the initial stage. Then, CAP adsorption tended to slow, which could be caused by the increase in diffusion resistance and the repulsive forces between the CAP molecules adsorbed on AC and in the solute phase. The equilibrium time reached 6 h (Figure 3b), and the equilibrium CAP adsorption capacities were 0.215, 0.265 and 0.320 mmol/g for initial CAP concentrations of 0.15, 0.2, 0.3 mmol/L, respectively. Therefore, 48 h could ensure adsorption equilibrium for CAP adsorption. The higher CAP adsorption capacity of AC at high initial concentration was possible due to enhancement of the driving force between the aqueous and solid phase, which allowed the collision of CAP molecules and adsorption sites.


Figure 3. Adsorption kinetics (a) and Ct/C0 versus time (b) of CAP on AC (dosage = 30 mg/50 mL, temperature = 25 °C, pH = 6.20 ± 0.2).
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In order to identify the adsorption mechanism of CAP and the main rate-controlling steps, the pseudo-first-order kinetic model [38], and pseudo-second-order kinetic model [39] were used to study the adsorption kinetics. Their equations are expressed as follow:
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(3)
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(4)




where Qe and Qt (mg/g) are the amounts of the adsorbates in the adsorbent at equilibrium and at time t (min), respectively, k1 (min−1) is the pseudo-first-order adsorption rate constant, and k2 (g/(mg·min)) is the pseudo-second-order adsorption rate constant.



The calculated parameters and correlation coefficients are listed in Table 4. The pseudo-second-order kinetic model fitted the experimental data better than the pseudo-first-order kinetic model. It had a higher R2 (>0.999) and showed better agreements between Qe (cal) and Qe (exp). The adsorption of CAP on AC that was described by a pseudo second-order kinetic model implied a chemical controlling step, indicating the reactions involved valency forces via sharing or exchanging electrons between the surface functional groups on AC and CAP molecules [39]. Similar observations on adsorption kinetic for other carbon materials have been reported in the literature [24,40,41]. Qin et al. [40] suggested that chemical adsorption was the rate-controlling step of CAP adsorption on porous carbon because the kinetic data fitted a pseudo-second-order kinetic model. Mohd Din et al. [24] reported that adsorption of CAP on mesoporous carbons followed a pseudo-second-order kinetic model, and the possible CAP adsorption mechanism was a π-π interaction. Therefore, adsorption of CAP on AC prepared in this work was related to chemisorption.


Table 4. Pseudo-first-order and pseudo-second-order kinetic parameters for CAP adsorption on AC.





	
C0 (mmol/L)

	
Qe (exp) (mmol/g)

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
Qe (cal) (mmol/g)

	
k1 (min−1)

	
R2

	
Qe (cal) (mmol/g)

	
k2 (g/mg·min)

	
R2






	
0.15

	
0.215

	
0.0100

	
0.0282

	
0.9122

	
0.216

	
0.0143

	
0.9999




	
0.2

	
0.265

	
0.0702

	
0.0112

	
0.7532

	
0.266

	
0.0116

	
0.9999




	
0.3

	
0.320

	
0.0935

	
0.0157

	
0.7854

	
0.318

	
0.0097

	
0.9999








Notes: C0 is the initial concentration of CAP. Qe (exp) is the experimental value of adsorption capacity at equilibrium. Qe (cal) is the theoretical values of adsorption capacity calculated from the pseudo-first-order/pseudo-second-order kinetic model. k1 is the pseudo-first-order adsorption rate constant. k2, the pseudo-second-order adsorption rate constant.









3.3. Adsorption Isotherms


Equilibrium data for CAP adsorption onto AC at various ionic strengths (0, 50 and 500 mM NaCl) were analyzed by the Langmuir and Freundlich models [42,43]; the equations are expressed as follows:
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(6)




where Ce (mg/L) is the equilibrium concentration of CAP; Qe (mg/g) is the adsorption capacity of CAP at equilibrium; Qm (mg/g) is the maximum adsorption capacity; KL (L/mg) is the Langmuir constant; KF (mg/g (L/mg)1/n) is the Freundlich affinity coefficient, and 1/n is the Freundlich linearity index.



The adsorption isotherms of CAP onto AC are shown in Figure 4, and the constants calculated by the Langmuir and Freundlich equations are summarized in Table 5. The values of the correlation coefficient (R2) derived from both the Langmuir and Freundlich model were greater than 0.98, indicating that the equilibrium data were simulated well by both models. However, the Freundlich model with a higher R2 and better representation of the data seemed to be more applicable than the Langmuir model, reflecting CAP adsorption on the heterogeneous surface of AC. For the three different ionic strengths, the 1/n values were smaller than 1, representing a high adsorption affinity of CAP on AC.


Figure 4. Adsorption isotherms of CAP for AC at three different ionic strengths fit by the Langmuir model (dashed lines) and Freundlich model (solid lines) (C0 = 0.1–0.3 mmol/L, dosage = 30 mg/50 mL, temperature = 25 °C, pH = 6.20 ± 0.2, time = 24 h).
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Table 5. Langmuir and Freundlich isotherm parameters for CAP adsorption by AC.





	
Sample

	
Ionic Strength (mM)

	
Langmuir

	
Freundlich




	
Qm (mmol/g)

	
KL (L/mmol)

	
R2

	
KF (mmol1−1/n L1/n/g)

	
1/n

	
R2






	
AC

	
0

	
0.424

	
58.2

	
0.9888

	
0.118

	
0.343

	
0.9979




	
50

	
0.407

	
61.2

	
0.9903

	
0.117

	
0.336

	
0.9959




	
500

	
0.424

	
65.5

	
0.9893

	
0.123

	
0.432

	
0.9983








Notes: Qm is the maximum adsorption capacity. KL is the Langmuir constant. KF is the Freundlich affinity coefficient. 1/n is the Freundlich linearity index.








It is important to investigate the effect of ionic strength (I) on CAP adsorption of AC, since wastewater usually contains large amounts of ions. The experiments were conducted at three different NaCl concentrations (I = 0, 50 and 500 mM). High ionic strength can weaken the electrostatic interaction between ionic compounds and charged functional group on activated carbon by a screening effect, thus affecting the adsorption [21]. As shown in Figure 4, the adsorption capacity of CAP on AC was insensitive to ionic strength variation, which is consistent with the slight variation of Qm and KF values at three different ionic strengths. This observation indicated that electrostatic interactions were not significant in CAP adsorption on AC.




3.4. Effect of the Initial pH


The initial pH is one of the most significant factors in adsorption since it affects the degree of ionization of adsorbate and functional groups on the surface of activated carbon. The initial testing was performed at pH 2 to pH 8, as CAP is hydrolyzed at pH < 2 or pH > 8 [44,45]. The hydrolytic reactions of CAP at pH < 2 or pH > 8 and fraction of CAP species are illustrated in Figure 5b,c.


Figure 5. Effect of the initial pH on equilibrium pH and CAP removal on AC, and pHpzc of AC (inset) (a). The fraction of CAP species (b) and the hydrolytic equation of CAP (c). (C0 = 0.2 mmol/L, dosage = 30 mg/50 mL, time = 24 h, temperature = 25 °C).
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The effect of pH on CAP adsorption onto AC is shown in Figure 5a. The CAP removal efficiency decreased from 87.8% to 81.4% as the initial pH increased from 2 to 8. CAP removal was less correlated with initial pH. It implied that the variation of H+ concentration and surface charges of AC had no obvious effect on CAP adsorption. The pHpzc of AC was 6.03. Although the acidic functional groups of AC progressively ionized with the increase in pH, it did not considerably influence CAP adsorption. This is because the pKa of CAP is 11.03 [30], and CAP molecules existed mainly in neutral form in this study (Figure 5b). There was a slight electrostatic interaction between CAP molecules and the surface of AC, and cation exchange rarely occurred in CAP adsorption. Hence, electrostatic interaction and ion exchange were scarcely responsible for adsorption of CAP on AC. The main adsorption interaction of CAP on AC might be the π-π EDA interaction, hydrophobic interaction and hydrogen-bonding interaction. At low pH conditions, a hydrogen bond could be produced between N-H, -OH, -NO2 groups in CAP and -OH, -COOH, C=O groups on AC. With increased pH, some of acidic functional groups on AC were ionized, and H2O competed with CAP molecules for charged functional groups. The competition of H2O and CAP gradually weakened the hydrogen-bonding interaction between CAP and AC. Therefore, the slight decrease in CAP adsorption capacity might be caused by a weakened hydrogen-bonding interaction between CAP and AC as pH increased.




3.5. Desorption Experiment


In order to gain insight into the adsorption mechanism and interactions between CAP and AC, desorption experiments were carried out. The results are summarized in Table 6. A total of 10.6% of the adsorbed CAP was desorbed with distilled water, implying that physisorption (e.g., van der Waals interaction, and pore-filling effect) had occurred. The physisorption do not play a significant role in CAP adsorption. The desorption of CAP was less than 16% with NaCl solutions, a slightly higher desorption efficiency than that with distilled water. This indicated an insignificant electrostatic interaction between CAP molecules and the AC surface. More than 58% of the adsorbed CAP was recovered by 0.1 M NaOH solution, suggesting a high contribution of chemical interactions to CAP adsorption. The hydrophobic interaction was evaluated by CAP desorption using 95% ethanol. About 39.5% of adsorbed CAP was recovered by ethanol, suggesting that hydrophobic interactions were also important in CAP adsorption onto AC.


Table 6. Percentage of adsorbed CAP mass desorbed by various treatments.





	Desorption Treatment
	Distilled Water
	0.01 M NaCl
	1 M NaCl
	0.1 M NaOH
	95% Ethanol





	Desorption efficiency
	10.6%
	12.7%
	15.7%
	58.1%
	39.5%










3.6. Mechanism for CAP Adsorption on the AC


In order to further understand the mechanisms of CAP adsorption, the AC before and after CAP adsorption (0.3 mmol/L) was analyzed with XPS. The XPS survey spectra, O 1 s and C 1 s peaks of AC before and after CAP adsorption are illustrated in Figure 6. The calculated relative contents of the surface functional carbon atoms determined by C 1 s spectrum are also presented in Figure 6c,d, and the calculated atomic ratios are summarized in Table 7. The major C 1 s peak was fitted to five curves from the following groups: graphitic structure at 284.6 eV, C-O (phenol, alcohol, or ether groups) at 286.2 eV, C=O (carbonyl and ether groups)at 287 eV, O=C-O (carboxyl or ester groups) at 288.7 eV, and π- > π* transitions at 290.5 eV [26,46,47].


Figure 6. XPS survey spectra of AC, AC-CAP and CAP (a); O 1s (b); C 1s (c) and (d).
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Table 7. The atomic ratio of the samples.





	Sample
	O/C%
	N/C%
	Cl/C%





	CAP
	97.61%
	22.97%
	36.66%



	AC
	52.69%
	2.23%
	-



	AC-CAP
	56.51%
	5.74%
	1.69%









The O/C%, N/C% and Cl/C% atomic ratios of AC increased after CAP uptake (Table 7). The N 1 s peak (400 eV) and Cl 2 p peak (200 eV) were observed in the spectrum of AC-CAP (Figure 6a), while the peak width of O 1s was significantly narrowed in the high binding energy portion, and the intensity of low binding energy portion of O 1s peak decreased after CAP uptake (Figure 6b), indicating fixation of CAP onto the AC. The variation in the carbon binding energy and ratio is shown in Figure 6c,d. After CAP adsorbed onto AC, all of the fitted C 1s peaks except the C-C peak were slight shifted to a higher binding energy, and the π- > π* transitions disappeared. These changes in binding energies were caused by the decrease in electron cloud density due to the electron shift to CAP in adsorption. The results elucidated the fact that a chemical reaction occurred between the functional groups on CAP and the surface functional groups on AC.



According to Figure 6b,c, the π- > π* transitions in the graphite structure of AC disappeared after CAP adsorption, indicating the π-π EDA interaction between CAP and AC may influence adsorption. The π-π EDA complexes mainly formed by the π-electron-rich polyaromatic or graphene surface of AC interacted with the π-electron-depleted aromatic rings of the adsorbates. The nitro group (-NO2) in CAP, a strong electron-withdrawing group, reduced the electron density of aromatic rings and served as an electron-acceptor, while the graphite structure in AC functioned as a π-electron-donor, which could benefit CAP adsorption on AC via π-π EDA interaction. Moreover, phenolic groups on AC, acting as electron-donating groups, can promote the π-π EDA interaction between the aromatic ring of CAP and graphite structure of AC.



To further verify the π-π EDA interaction in CAP adsorption on AC, competition adsorption experiments of CAP against two neutral compounds (2,4-DNT and naphthalene) were carried out. Two neutral compounds, which have opposite quadrupole moments but comparable affinity for carbon, were chosen as competitors: 2,4-DNT is a strong π-electron acceptor due to the electron withdraw capability of nitro groups, and naphthalene is a π-electron donor due to the rich π electrons in aromatic rings [48]. The CAP adsorption capacities of AC in the presence of 2,4-DNT/naphthalene are illustrated in Figure 7. 2,4-DNT strongly inhibited the adsorption of CAP on AC while the competitive effect of naphthalene and CAP was insignificant. The phenomenon proved that the π-electron acceptor property of CAP is critical. As a π-electron acceptor, 2,4-DNT competed with CAP for π-electron donor sites on AC, demonstrating that π-π EDA interaction played an important role in CAP adsorption on AC.


Figure 7. Competition experiments of CAP and 2,4-DNT/naphthalene adsorption on AC. (chloramphenicol concentration = 0.1 mmol/L, 2,4-DNT concentration= 0.05 mmol/L, naphthalene concentration = 0.05 mmol/L dosage = 30 mg/50 mL, time = 24 h, temperature = 25 °C).
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According to the above analysis, the adsorption of CAP on AC involved both physical and chemical interactions. A desorption experiment by using NaOH indicated strong chemical interactions were involved in CAP adsorption. The dominant adsorption mechanism of CAP on AC in our study is a π-π EDA interaction. As shown in XPS analysis and competition experiments, a π-π EDA interaction existed between CAP and AC, and exerted an influence on adsorption. This is consistent with the result obtained by Liao [23]. Hydrophobic interaction also played an important role in CAP adsorption, illustrating by the desorption experiment with 95% ethanol (39.5%). Hydrogen bonding is another possible mechanism that affects the adsorption of CAP on AC, considering their ionic/polar functional groups. The slight decrease in CAP removal with pH increase (Section 3.3) may be due to the weakened hydrogen-bonding interaction between CAP and charged functional groups on AC. Zhao et al. noted the interactions of hydrogen bonding played an important role in the adsorption of chloramphenicol in a non-ionized form onto CNTs [21]. The micropore-filling effect was proven by the comparison of pore size distribution of AC before and after CAP adsorption (Figure 2). In addition, desorption with distilled water (10.6%) indicated that CAP adsorption involved a reversible physisorption via Van der Waals interaction or the micropore-filling effect. However, the effect of physisorption was unapparent. Therefore, the main adsorption mechanisms of CAP could be inferred as π-π EDA interaction, hydrophobic interaction, and hydrogen bonding, in conjunction with a weak interaction of Van der Waals interaction and the micropore-filling effect.




3.7. Comparison with Other Adsorbents


In order to estimate the efficiency of CAP adsorption onto AC, a comparative assessment with other adsorbents previously described in the literatures is shown in Table 8. CAP adsorption is compared based on Langmuir parameters Qmax and the equilibrium adsorption capacity Q50, which is an indicator of the adsorption capacity at low CAP concentrations. The TO-based activated carbon prepared in this study showed more efficient adsorption capacity of CAP compared with most of the reported adsorbents. On the other hand, AC also exhibited better adsorption at low CAP concentration. For instance, the CAP adsorption capacity of AC was 69.5 mg/g at 50 mg/L initial CAP concentration, which was almost 1.7 times higher than the ABA-16 (40.8 mg/g), while the Qmax of ABA-16 (209.7 mg/g) was almost 1.5 times higher than that of AC (137.1 mg/g). The CAP adsorption capacity of AC prepared in this study was much larger than other plant-based activated carbon and is comparable to commercial activated carbon (i.e., Calgon F400) and the best CAP sorbents reported. Therefore, Typha orientalis is a promising precursor material for the preparation of activated carbon to remove CAP.


Table 8. CAP adsorption capacities of AC and other sorbents reported in the literature.





	Sorbent
	Qmax (mg/g)
	Q50 (mg/g) a
	Reference





	TO-based activated carbon
	137.1
	69.5
	This work



	Calgon F400
	140.3
	38.4
	This work



	Bamboo charcoal
	8.1
	-
	[23]



	Commercial BC-NaOH
	<3 b
	-
	[26]



	fBC-2
	75.3
	-
	[49]



	MMSNs@MIPs
	41.7
	-
	[20]



	MMIPs
	17
	-
	[41]



	MWCNT-10
	107.9
	-
	[21]



	ABA-16 (ordered mesoporous carbon)
	209.7
	40.8
	[24]







Note: a Q50 is the CAP adsorption capacity for a 50-mg/L CAP initial concentration. b Estimated from the graphical representation of the results.









3.8. Adsorption of CAP in Realistic Water Environment


In batch adsorption experiments, activated carbon prepared from Typha orientalis had an efficient CAP adsorption capacity in distilled water. In order to evaluate its utilization of AC in a realistic water environment, the CAP adsorption performance in groundwater and treated wastewater were also studied. The characterization parameters of different water types and the CAP removal efficiencies are provided in Table 9. Groundwater has a small amount of organic matter and a high total hardness with high ionic strength. The removal efficiency of CAP by AC in groundwater was slightly lower than that in distilled water. As discussed in Section 3.3, the influence of ionic strength on adsorption of CAP onto AC was unapparent. At the low concentration of organic matter, the weak competition between dissolved organic matter and CAP molecules resulted in the slight variation of CAP adsorption capacity of AC in groundwater and distilled water. Treated wastewater greatly suppressed the removal of CAP by AC compared to groundwater and distilled water. This suppression might be due to the relatively high concentration of dissolved organic matter (e.g., humic acid, fulvic acid, soluble microbial by-product, and anthropogenic compounds) in wastewater, which reduced the CAP adsorption capacity of AC through adsorption sites competition or pore blockage. Considering the complex composition of dissolved organic matter, the large-sized molecules such as humic acid could poorly diffuse into the pores of AC and block the micro/mesoporous, while the molecules smaller than pore diameter could compete with CAP for adsorption sites. However, the CAP adsorption capacity of AC still reached about 0.219 mmol/L (70.6 mg/L) in treated wastewater, showing a good CAP adsorption performance. The results revealed that AC can be successfully used to adsorb CAP in a realistic water environment.


Table 9. Chemical characteristics of water types and removal of CAP.





	Water types
	pH
	TOC (mg/L)
	Total Hardness CaCO3 (mg/L)
	Q (mmol/g)
	Removal Rate (%)





	Distilled water
	6.35
	0
	0
	0.278
	83.4



	Groundwater
	7.78
	2.3
	320.8
	0.273
	80.9



	Treated wastewater
	7.72
	18.9
	297.5
	0.219
	65.6











4. Conclusions


In this work, we successfully explored a low-cost activated carbon (AC) prepared from Typha orientalis with phosphoric acid activation for chloramphenicol (CAP) antibiotic removal. AC had a mostly mesoporous structure with a relatively large surface area (794.8 m2/g). Boehm’s titration proved that the acidic functional groups were dominant on the surface of AC, and their content was twice that of the basic functional groups. AC had promising removal efficiency and adsorption performance (137.1 mg/g) with respect to CAP. The CAP adsorption data well fitted the pseudo-second-order kinetic model and Freundlich isotherm model. Several mechanisms of CAP adsorption onto the AC were elaborated, which include π-π electron-donor-acceptor (EDA) interaction, hydrophobic interaction, and hydrogen-bonding interaction, in conjunction with the weak interaction of Van der Waals interaction and the micropore-filling effect. In a realistic water environment, AC still exhibited high CAP removal efficiency. Finally, AC prepared from Typha orientalis can be identified as an economical and efficient adsorbent for CAP removal from aqueous solutions.
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