

  surfaces-07-00032




surfaces-07-00032







Surfaces 2024, 7(3), 493-507; doi:10.3390/surfaces7030032




Article



Eliminating Manifold Pharmaceutical Pollutants with Carbon Nanoparticles Driven via a Short-Duration Ball-Milling Process



Tarig G. Ibrahim 1, Rasmiah S. Almufarij 2,*, Babiker Y. Abdulkhair 1,3,* and Mohamed E. Abd Elaziz 1





1



Department of Chemistry, Faculty of Science, Sudan University of Science and Technology (SUST), P.O. Box 407, Khartoum 13311, Sudan






2



Department of Chemistry, College of Science, Princess Nourah Bint Abdulrahman University, P.O. Box 84428, Riyadh 11671, Saudi Arabia






3



Department of Chemistry, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU), P.O. Box 90905, Riyadh-KSA, 11623 Riyadh, Saudi Arabia









*



Correspondence: rsmufrrig@pnu.edu.sa (R.S.A.); byabdulkhair@imamu.edu.sa or babiker35.by@gmail.com (B.Y.A.)







Citation: Ibrahim, T.G.; Almufarij, R.S.; Abdulkhair, B.Y.; Abd Elaziz, M.E. Eliminating Manifold Pharmaceutical Pollutants with Carbon Nanoparticles Driven via a Short-Duration Ball-Milling Process. Surfaces 2024, 7, 493–507. https://doi.org/10.3390/surfaces7030032



Academic Editors: Gaetano Granozzi and Mohamed M. Chehimi



Received: 21 May 2024 / Revised: 12 July 2024 / Accepted: 16 July 2024 / Published: 18 July 2024



Abstract

:

One of the major problems facing humanity in all parts of the world is water pollution. Since carbon nanoparticles (CPs) are known for their excellent absorbability, this study explored preparing CPs via a facilitated ball-milling protocol. Four CP products were prepared with the friction enhancer being variated, typically 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. The four sorbents were characterized using TEM, EDX, XRD, BET, and FTIR methods. The 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs possessed a BET surface area of 113, 139, 105, and 98.5 m2 g−1, respectively, and showed a sorption capacity of 55.6, 147.0, 65.8, and 24.6 mg g−1 when tested with chlorohexidine (CH). Therefore, the 2.5-CPs were selected as the best sorbents among the prepared nanomaterials and employed for further sorption investigations. The CH sorption on the 2.5-CPs followed the pseudo-second-order, and the liquid–film diffusion controlled the CH sorption onto the 2.5-CPs. The Langmuir isotherm model was followed, and the Dubinin–Radushkevich energy was 3.0 kJ mole−1, indicating a physisorption process. The thermodynamic outputs suggested that CH sorption by 2.5-CPs was favorable. Furthermore, the 2.5-CPs sorbent was tested for treating water samples contaminated with 20 mg L−1 of ciprofloxacin, dextromethorphan, guaifenesin, metronidazole, ibuprofen, chlorzoxazone, chlorpheniramine malate paracetamol, and hydro-chlorothiazide. The 2.5-CPs showed an average removal efficiency of 94.1% with a removal range of 92.1% to 98.3% and a 2.21 standard deviation value.
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1. Introduction


Surface water and groundwater resources play a significant role in agriculture, livestock production, industrial activities, forestry, fisheries, and recreational activities [1,2]. Water is considered polluted when some quality parameter is hampered, usually by unguided and irregulated anthropogenic activities [3]. Pharmaceutical contaminants (PCs) were first identified in the United States and Europe surface water in the 1960s and were recognized as a concern in 1999, giving pollution a 40-year head start [4]. The pharmaceutical compounds are essential for medication and agricultural productivity, and their demands continue to grow [5]. The sources of contamination include hospitals, landfills, runoff from agricultural fields, urban waste, city street wash, cultivated fields, and even graveyards [6,7]. Factory locations are often near rivers and the seashore because manufacturing processes require water, and sadly, companies contaminate water supplies with their wastes [8]. Such industrial wastewater may contain organic solvents, intermediates, and raw materials, which are challenging to treat [9]. After the partial metabolism of drugs, secretion into urine and feces leads them to wastewater and eventually to water bodies. The literature survey revealed the globality of PCs occurrence in several large water bodies worldwide, such as the Red Sea [10], China’s marine water [11], and several rivers in Europe [12,13]. Such toxic substances in water lower the chemical oxygen demand, disrupt ecological life, and threaten human health [14,15]. The presence of antibiotics and antiseptics in water is among the most concerning problems since they cause endocrine disruption and develop drug-resistant bacteria; it was also accused of feminizing fish living downstream of wastewater treatment plant outfalls. Also, a link between anti-inflammatory medicines and renal failure has been reported [16,17]. Analgesic, antipyretic, antibiotic, and antiseptic drugs are among the most excessively used medications [18]; therefore, they will be used as example pollutants in this study. Diverse water treatment methods have been used to provide uncontaminated water supplies. Conventional water treatment (CWT) focuses on removing microorganisms and reducing the dissolved ions in water to meet drinking water standards; the treatment process uses the best affordable technologies for local raw water characteristics. One CWT comprises a coagulation process that involves converting small particles into larger aggregates, followed by subsequent solid/liquid separation [19]. The coagulation procedure may require electrical neutralization by oppositely charged metal ions to yield an organic–ion insoluble complex [20]. Another common CWT is sedimentation, which is employed to reduce the suspended particles in water by gravity settlement before or sometimes after coagulation. The prementioned CWT is usually followed by filtration to remove suspended solids via a bed packed with granular media. Filtration focuses mainly on turbidity [21,22]. Slow sand filtration was historically the first to be employed, while rapid sand filtration was later favored because of the insufficient output of the first [23]. Although conventional treatment processes are used, many studies have revealed the occurrence of PCs in drinking water in Spain, China, England, and the United States [24]. As conventional water-treatment methods failed to remove PCs effectively from water resources, adsorption methods are of great interest these days [25]. Many forces may bind contaminants to the sorbent’s surface, such as hydrogen bonding, π–π bonding, induced dipole interaction, and van der Waals forces [26]. The sorbate’s polarity, adsorbent’s pore size, surface area, and functional groups can affect the removal efficiency. Although the adsorption process requires an additional treatment of adsorbed material after removal from water, it requires no light source and produces no carcinogenic radicals or toxic products. Since the expansion of nanoscience, the production of sorbents with high surface area has positively affected the applicability and effectiveness of the adsorption process. The removal of PCs from water was studied using metal oxide nanoparticles, nanocomposites, and carbonaceous materials (CMs) [27,28,29]. In addition, the feasibility, safety, high surface area, and excellent adsorbing properties nominated the CMs allotropes as potential water treatment substrates [30,31]. CMs superseded metal oxides because the first could be produced from various commercially available precursors, biomass waste substrates, and industrial waste. Converting such waste into a usable substance is advantageous and a potential solution to an environmental issue [32,33,34,35,36,37].



Among the CMs, carbon nanoparticles (CPs) were known for their high surface area by which the adsorption capacity may increase significantly. CPs are porous materials with a variety of tiny pores of varying sizes. The main techniques for large-scale production include the wet chemical process during which CMS or its precursor is subjected to oxidizing agents such as protonated solvents. This procedure forms a covalent bond between carboxyl and hydroxyl groups and CPs. Additionally, the ball-milling protocol is a process that downsizes CMs to obtain CPs. Wet ball milling utilizes solvents, such as ethanol, toluene, and chloroform, to enhance the milling process’s efficiency. When solvents were added to the ball-milling process, it was found that this method had clear advantages over the standard dry-milling procedure, such as achieving a more uniform size distribution [15,38,39,40]. Perhaps due to the difficulty of removing solid additives, researchers avoided using solid solvents, even though they are more beneficial to grinding processes than liquid solvents. Our vision is that this matter can be avoided by using solids dissolved in water, which are later disposed of by washing with a sufficient amount of appropriate solvent.



Because of the superiority of carbon adsorbents over metal oxide sorbents in treating extremely acidic and/or highly alkaline industrial effluents, CPs will be prepared as feasibly applicable adsorbents. The CPs will be generated from an inexpensive starting material employing an easy method and readily available equipment, namely ball milling. This study aims to investigate the effectiveness of sucrose as a friction facilitator instead of a liquid solvent. The prepared CPs will be studied for purifying water from manifold PCs, such as ciprofloxacin (CIP), dextromethorphan (DEX), guaifenesin (GUA), metronidazole (MET), ibuprofen (IBU), chlorzoxazone (CHL), chlorpheniramine malate (CFM), paracetamol (PAR), hydrochlorothiazide (HCT), and chlorohexidine (CH).




2. Experimental


2.1. Materials


Sodium hydroxide (NaOH) and hydrochloric acid (HCl, 37%) were obtained from Sigma Aldrich, Miami, FL, USA. Commercial ethanol (EtOH, 95%), sucrose (Su), and commercial charcoal (Cch) were obtained from the local market. Working standards of CIP, DEX, GUA, MET, IBU, CHL, CFM, PAR, HCT, and CH, were obtained from Rhanboxy, Mumbai, India.




2.2. CPs Preparations


The Su was employed as a soluble milling facilitator to prepare the CPs. The Cch and mixtures of Cch with 2.5% Su, 5% Su, and 10% Su were milled in a 60 mL stainless steel crucible with 5 stainless steel balls (1.0 cm diameter). The machine (Ball- mill, Netzspannungswashi, 07.4000/01343, Selb, Germany) was operated for 5.0 h, utilizing the reverse mode at 600 RPM, and the milling products were labeled 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. A total of 100 mL of distilled water (DW) was added to each of the four products in a separate beaker, sonicated for 20 min in an ultrasonic bath, filtered, rinsed with distilled water, and dried at 110 °C for 3.0 h.




2.3. Characterization of CPs


An analysis was performed on the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs using a Fourier-transform infrared-spectrophotometer (FTIR-Tracer-100, Shimadzu, Tokyo, Japan), energy dispersive x-rays (EDX, JSM-IT500, Miami, FL, USA), a transmission electron microscope (JEM-1400-Flash, Jeol, Miami, FL, USA), a powder X-ray diffractometer (XRD-Bruker-D8 Advance, Billerica, Miami, FL, USA), and a surface analyzer (Micromeritics ASAP-2020, Miami, FL, USA).




2.4. Adsorption Studies


The sorption capabilities of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs were inspected utilizing CH as a pollutant model. Typically, 50 mg of each was stirred with 150 mL of 100 mg L−1 CH solution, and an aliquot was picked and filtered via a membrane filter. Then, the pollutant’s absorbance was measured at selected time intervals using a Shimadzu UV-Vis spectrophotometer set at 260 nm [41,42]. The pH influence on the sorption process was inspected from pH 2.0 to 10.0, and the pollutant solutions were adjusted utilizing 0.2MHCl and the NaOH solutions, and a portion of each adjusted solution was utilized as standard for its own sample. The effect of concentration on the sorption was investigated at 20 °C utilizing CH concentrations from 25 to 100 mg L−1. The aforementioned concentrations were employed to study the temperature influence at 20 °C, 35 °C, and 50 °C. A 20 mg L−1 solution of each drug was prepared, and 150 mL of each solution was stirred separately with 50 mg of the 2.5-CPs for 1.0 h, then filtered. The absorbances were measured via the UV-Vis spectrophotometer using the comparative evaluation method. The adsorption capacity (qt, (mg g−1)) was computed (Equation (1)) using the solution volume (v, (L)), the sorbent mass (m, (g)), while the pollutant concentrations at t = 0 and t = t (min) were denoted as Co and Ct.


    q   t   =        C   o   −   C   t     V   m     



(1)









3. Results and Discussion


3.1. Characterization


Figure 1a–d illustrate the TEM images exposing the surface morphology of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. The results showed particle size ranges of (30.9–136.0 nm), (16.2–32.8 nm) (10.4–43.9 nm), and (32.2–58.5 nm), respectively. The images unraveled the effectiveness of using the water-soluble milling facilitator to enhance the production of uniform-sized CPs using the ball-milling protocol. It appeared that the 2.5% Su was the best amount of the studied Su amounts, followed by the 5% Su, while increasing the enhancer ratio to ≥10% may lower its milling facilitation, which can be attributed to the agglomeration of sucrose together when occurring at a high amount. In addition, the EDX was utilized to examine the elemental composition of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs (Figure 2). The results revealed that the sample constituted mainly carbon and trace calcium, which might be from the original tree source of the charcoal and/or the commercial carbonization process.



The N2-adsorption–desorption isotherm was utilized to investigate the pore shapes, specific pore volume (SPV), surface area (SA), and average pore diameter (APD) [43]. Figure 3a–d monitored the produced hysteresis loops and the SPV distributions for the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. Notably, the 0-CPs, 5-CPs, and 10-CPs illustrated a hysteresis loop of type H4 associated with slit-like, micro-mesoporous sorbents of aggregated crystals that formed. On the other hand, the 2.5-CPs resulted in a hysteresis H3 loop associated with non-rigid aggregated sorbents with wedge-shaped, mesoporous, plate-like particles. This variation of hysteresis loops and pore shapes might be the perk that caused the increased 2.5-CPs total surface (Table 1) [44,45,46,47].



The XRD diffractometer was employed to investigate the crystallinity-phase purity of the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. Figure 4a demonstrates the XRD diffraction outputs of the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. The diffraction peaks around 2θ° of 26.84 and 43.28, attributed to the planes of the lattice phases (002) and (100) of the crystalline carbon (JCPDS no. 04-0850) [47,48]. The EDX outputs of minor metal oxide in Cch can explain the XRD spectrum’s extra peaks.



Additionally, the functional groups of synthesized 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs were inspected employing FTIR (Figure 4b). The bands ranging between 400 and 900 cm−1 can be allocated to the metal oxides announced by EDX and XRD. The 1429 and 1590 cm−1 peaks can be allocated to the C-C, C=C, while the 1708 cm−1 can be interpreted as a C≡C of terminal carbon skeletons and/or a carbonyl group. Furthermore, a slight inflation can be seen above 3000 cm−1, indicating an acidic OH group.




3.2. Adsorption Investigations


Figure 5a illustrates the contact time investigations of CH sorption onto the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs studied. It took 90 min to attain equilibrium, with qt values of 55.6, 147.0, 65.8, and 24.6 mg g−1. These findings suggest that including sucrose in the Cch improves grinding; however, the amount of sugar is critical in determining the milling efficacy. Adding sucrose as a milling facilitator possessed a positive impact on the milling process with a sucrose percentage of up to 5%; since the 2.5-CPs was the best across the tested range, its sorption was further investigated. Figure 5b demonstrates the impact of CH concentration on adsorption. Elevating starting concentrations produces a potent CH movement toward 2.5-CPs, and the line inflation between 75 and 100 mg L−1 indicated the suitability of 1.0 g to treat 3.0 L of water polluted by up to 75 mg L−1 CH. These outcomes may nominate 2.5-CPs for efficient industrial wastewater treatment. Moreover, the temperature impact on CH removal by 2.5-CPs was studied. The proportional decrease in qt as the heat was raised suggested exothermic sorption (Figure 5b). Because it affects the availability and accessibility of functional groups on the sorbent’s surface and pollutant molecules, the impact of pH was studied [49]. Figure 5c illustrates a significant decrease in qt values below pH 4.0 and above pH 8.0, attributed to protonating the CH and 2.5-CPs electron-rich sites and the −OH ion–CH competition, respectively [50].




3.3. Kinetics


The kinetic of CH sorption onto the 2.5-CPs was assessed using the nonlinear pseudo-first-order (PFO) and the nonlinear pseudo-second-order (PSO) Equations (2) and (3), respectively. The mechanism controlling the sorption was examined via the liquid film (LFM, Equation (4)) and intraparticle-diffusion models (IPM, Equation (5)) [51,52].
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  l n ⁡ ( 1 − F ) = −   K   L F   ∗ t  



(5)




where k1 (min–1), k2 (g mg–1 min–1), kIP (mg g−1 min−1/2), and kLF (min–1) represent PFO, PSO, IPM, and LFM constants, respectively. Ci is the IPM boundary layer factor [53]. The linear regression plots of the four models are illustrated in Figure 6, and their findings are collected in Table 2. The CH sorption onto 2.5-CPs showed a higher R2 value with the PSO model and a lower reduced chi-square magnitude than that of PFO. Additionally, the adsorption mechanism investigations showed almost equal R2 values indicating that LFD and IPD both participated in controlling the CH sorption onto the 2.5-CPs [29].




3.4. Isotherms


The results of CH sorption from 25, 50, 75, and 100 mg L−1 concentrations were employed to investigate the sorption isotherm on the 2.5-CPs [46,54]. The adsorption isotherms have been described using the Langmuir (LIM; Equation (6)) for the mono-layered pattern and Freundlich (FIM; Equation (7)) for the multi-layered pattern. The Dubinin–Radushkevich model (DRM, Equation (8)) was utilized to better understand the sorption process.


    q   e   =      K   l     q   m     C   e     1 +   q   m     C   e       
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(7)






    ln  ⁡    q   e     =   ln  ⁡    q   m     −   K   D     ε   2    



(8)







Langmuir and Freundlich’s constants are represented by (KL, L mg−1) and (KF, L mg−1); qm (mg g−1) is the computed maximum qt, and the Freundlich-heterogeneity factor was noted as (n). The Dubinin energy (ED, kJ mole−1) and the Polanyi’s potential (ε, kJ mol−1) were computed via Equations (9) and (10), respectively, and the Dubinin constant KD (kJ2 mol−2) was calculated using the slope value.


  ε = R T   ln  ⁡    1 +    1     C   e           



(9)






    E   D   =     2   K   D       − 0.5    



(10)







Table 2 shows the computed values for LIM, FIM, and DRM according to their plots in Figure 7. The CH adsorption onto 2.5-CPs fitted the LIM with higher R2 and lower reduced Chi-square values, and the unfavorability of multilayer-sorption has been revealed by the low R2 and high 1/n values [55]. The ED value of 3.0 kJ mole−1 (less than 9.0) indicated that CH elimination by the 2.5-CPs and was performed via a physisorption process [6].




3.5. Thermodynamics


In order to learn more about how CH adsorbs onto the engineered 2.5-CPs, the underlying thermodynamics were investigated. Equation (11) related the enthalpy and entropy, symbolled as ΔHo and ΔSo, which were computed from the slope and intercept from plotting (ln(Kc)) versus (1/T (K−1)) (Figure 8). Furthermore, the makeup of ΔHo and ΔSo alongside the temperature (K) in Equation (12) generated the Gibbs free-energy (ΔGo) values (Table 2).


    ln  ⁡    K   c   =    Δ   H     o     R T      +    Δ   S     o     R     



(11)






  Δ     G     o   = Δ     H     o   − T   Δ     S     o    



(12)




where Kc was calculated by dividing the adsorbed CH concentration by its concentration in the solution. The negative ∆Ho values defined CH removal by 2.5-CPs as exothermic sorption. Furthermore, the negative values of ∆Go implied the spontaneity of CH adsorption within the concentration and temperature ranges of 25 to 100 mgL−1 and 20 to 50 °C, respectively. Additionally, the acquired ∆Go values demonstrated that an increase in the temperature of the solution led to a reduction in the spontaneity of CH elimination. In addition, the data concerning ∆So were negative, which suggested favorable CH adsorption onto 2.5-CPs [56].




3.6. Application to Other Pharmaceutical Pollutants


Figure 9 shows the chemical structure of CIP, DEX, GUA, MET, IBU, CH, CFM, PAR, and HCT. As can be seen, all the ten PCs are rich with ℼ electrons which indicates the possibility of ℼ–ℼ interaction between the 2.5-CPs and pollutants. The CIP, DEX, GUA, MET, IBU, CH, CFM, PAR, and HCT were measured at a wavelength of 276, 228, 230, 325, 224, 260, 225, 240, and 228 nm, respectively, and the performance of 2.5-CPs is illustrated in Figure 10. The prepared 2.5-CPs showed an average removal efficiency of 92.9% with a removal range of 88.2 to 98.3% and an RSD of 3.3%. These results indicated the applicability of the 2.5-CPs as an effective sorbent for treating industrial waste effluents with manifold pharmaceutical pollution, such as the wastewater of pharmaceutical companies.





4. Conclusions


Sucrose is employed as a water-soluble milling facilitator to fabricate the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. The TEM finding of the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs exposed the particle size within the nanoscale, with a preference for the 2.5% milling facilitator. The XRD diffractometer revealed diffraction peaks of 23.84 and 43.28 2θ° that attributed to the (002) and (100) planes of crystalized graphite. Furthermore, the FTIR detected weak bands above 3000 cm−1, indicating a hydroxyl group. The N2 isotherm analysis prevailed in a surface area of 113, 139, 105, and 98.5 m2 g−1 for the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. The contact time study for CH elimination by the 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs took about 90 min to attain equilibrium and showed qt values of 55.6, 147.0, 65.8, and 24.6 mg g−1. These findings aligned with the surface analysis; hence, 2.5-CPs were selected for further studies. The removal of CH was better at a pH value of 6.0, and its qt values decreased significantly in the strongly acidic and basic mediums. The CH sorption onto 2.5-CPs followed the PFO model, and LFM was the slowest sorption step, indicating that CH was spontaneously attracted toward the 2.5-CPs. Also, the CH adsorption onto 2.5-CPs followed the LIM, and the unfavorability of multilayer sorption was reflected in the Freundlich boundary layer factor. The acquired ∆G° values demonstrated spontaneous CH sorption onto 2.5-CPs at low temperatures. The 2.5-CPs were tested for removing CIP, DEX, GUA, MET, IBU, CH, CFM, PAR, and HCT from water and showed an average removal efficiency of 92.9% with a removal range of 88.2 to 98.3% and an RSD of 3.3%. The results demonstrated that the 2.5-CPs could be nominated to remove pharmaceutical pollutants from industrial pharmaceutical waste effluents effectively.
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Figure 1. (a–d) TEM images of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs, respectively. 
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Figure 2. EDX results of the fabricated 2.5-CPs. 
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Figure 3. N2- adsorption–desorption isotherm and pore size distribution of (a) 0-CPs, (b) 2.5-CPs, (c) 5-CPs, and (d) 10-CPs. 
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Figure 4. (a) XRD pattern and (b) the FTIR results of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs. 
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Figure 5. (a) Contact time impact on CH removal by 50 mg of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs from 150 mL of 100 mgL−1 solution, (b) effect of CH concentration on the sorption process, (c) impact of solution pH on the CH sorption onto 2.5-CPs, and (d) CH structure. 






Figure 5. (a) Contact time impact on CH removal by 50 mg of 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs from 150 mL of 100 mgL−1 solution, (b) effect of CH concentration on the sorption process, (c) impact of solution pH on the CH sorption onto 2.5-CPs, and (d) CH structure.
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Figure 6. (a) PFO, (b) PSO, (c) IPM, and (d) LFM investigations of CH sorption onto 2.5-CPs. 
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Figure 7. (a) LIM (b) FIM, and (c) DRM plots of CH adsorption onto the 2.5-CPs. 






Figure 7. (a) LIM (b) FIM, and (c) DRM plots of CH adsorption onto the 2.5-CPs.



[image: Surfaces 07 00032 g007]







[image: Surfaces 07 00032 g008] 





Figure 8. Thermodynamic plots of CH adsorption onto 2.5-CPs from 25, 50, 75, and 100 mg L−1 concentrations at 298 to 328 K−1. 
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Figure 9. The chemical structure of the antiseptic and antibiotics employed as pollutant examples for manifold pharmaceutical pollutants treatment. 
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Figure 10. The 2.5-CPs efficiency in adsorbing CIP, DEX, GUA, MET, IBU, CHL, CFM, PAR, and HCT by mixing 50 mg sorbent with 150 mL of the 20 mgL−1 drug solution. 
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Table 1. The surface characteristics of as-prepared 0-CPs, 2.5-CPs, 5-CPs, and 10-CPs.
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	Sorbent
	SA (m2 g−1)
	APD (Ǻ)
	SPV (cm3 g−1)





	0-CPs
	113
	11.268
	0.335



	2.5-CPs
	139
	11.446
	0.363



	5-CPs
	105
	9.500
	0.332



	10-CPs
	98.5
	8.280
	0.220










 





Table 2. The kinetics, isotherms, and thermodynamic results of CH sorption onto 2.5-CPs.
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Kinetics






	
Adsorption rate order




	
qe experimental. (mg g−1)

	
PFO

	
PSO




	
qe cal. (mg g−1)

	
R2 (au)

	
k1 (min–1)

	
qe cal. (mg g−1)

	
R2 (au)

	
k2 (g mg–1 min–1)




	
147.042

	
132.364

	
0.952

	
0.983

	
71.449

	
0.973

	
0.027




	
Adsorption rate control mechanism




	
IPM

	
LFM




	
KIP (mg g−1 min0.5)

	
C (mg g−1)

	
R2

	
KLF (min–1)

	
R2




	
4.192

	
11.291

	
0.8129

	
0.0496

	
0.8645




	
Isotherms




	
Langmuir

	
Freundlich

	
Dubinin–Radushkevich




	


R2

	
KL

(L mg−1)

	
qm (mg g−1)

	
R2

	
Kf (L mg−1)

	
n−1 (a.u.)

	


R2

	
qm

(mg g−1)

	
KD

(mol2 J−1)

	
E (kJ mol−1)




	
0.987

	
0.026

	
140.902

	
0.829

	
90.194

	
6.781

	
0.929

	
147.567

	
0.056

	
3.000




	
Thermodynamics




	
Fed conc. (mg L−1)

	
ΔH° (kJ mol−1)

	
ΔS° (kJ mol−1)

	
ΔG° (kJ mol−1) 298 K

	
ΔG° (kJ mol−1) 313 K

	
ΔG° (kJ mol−1) 328 K




	
25

	
−44.614

	
−0.109

	
−12.016

	
−10.375

	
−8.734




	
50

	
−30.274

	
−0.063

	
−11.355

	
−10.402

	
−9.450




	
75

	
−26.178

	
−0.070

	
−5.230

	
−4.176

	
−3.122




	
100

	
−23.289

	
−0.071

	
−2.132

	
−1.067

	
−0.002

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
@ g

Enton y=wvatiorn
Tiosorenzass
Rescoscnisa 3o
e aseroz
c.imoLy

°

e mor)






media/file4.png
Intensity [Counts]

3.010° —1 CKa Element Mass%

. C l 95.8020.03

- o I 3.92+0.02

- s 1 Ca 0.28 2 0.00

2.0 1 0 _ Total ] 100.00
1.010° —JKCalLa CakKb

o Ka CakKa

o | |

o . ‘IA . . l . . . L l
O = 10

Energy [keV]






media/file18.png
Cl OH

N N HO Chlorzoxazone
AN
chlorpheniramine malate
O
OH
O
)k OH
N
H Paracetamol Ibuprofen

T

Ciprofloxacin Dextromethorphan

o o O
o HoN_ \/
s S
=—0 o//j@( “NH
(o) N
Cl
H cl )

N
H

Hyvdrochlorothiazide

@)
\
\o-

—

N
N
N\ \/\OH

Metronidazole

(o)

-
HO/\'/\O
OH

Guaifenesin





media/file3.jpg
Intensity [Counts]

3.0~10° — cKa Bement
E = 3921000
2.0%10° = -
1.0710° —{lcata Cakb
Jfoxe caKa
o —————
10

s
Energy [keV]





media/file19.jpg
1004

Removal Efficiency (%)
& 3 8

N
S

1BU

CHL CFM PAR HCT
Pollutant

cP

DEX GUA MET






media/file7.jpg
w oo
Fzscml
ey

- —rvY
H

I

£

2theta dogreo) "Wave number (tcm)





media/file10.png
160 - (a)
140 - . ;
1 —_— i 0-CPs
120 oy i =2 5-CPs
igp=5-CPs
‘;\1 00 - + 1 O'CPS
o)) .
(@]
£ 80
o e
40 M
20 - -
0 » 1 1 1 1 1 N ||
20 40 60 80 100 120
t (min)
(c)

160

—
1

q;(mg ¢

q,(mg g”)

(b)

140 -
120 -
100 -
80 - —@—20 degree
= 35 degree
- 50 degree
60 -
40 | | ! ! | ! | ' | ' I ' I ! I ' I
20 30 50 60 70 80 9 100 110
Concentration (mg L)






media/file14.png
(a)
140 ~ ‘; 140 S

120 120 -

)
)

o _ O)100 -
2’100 Q > 00
= Model LIM -
o 80 - Equation y = a*b*x/(1+b*x) T g0 - Model Allometric1
a 140.90168 * 4.345 Equation y=ax"b
90.19446 * 12.55755
b 3.60354  0.53543 : 2T AT 5005256
60 Reduced Chi-Sqr 33.50027 60 1 Reduced Chi-Sq  440.55601
? R-Square 0.98702 ? R-Square 0.82934
40 T T T T T T T T 40 I T T T
0 5 10 15 20 25 30 0 15 20 25
C.(mgL™) C.(mgL™)
5.4 - (c)
5.2
5.0
- 4.8
o
S
< 461
4.4 S
1/Equation y =a+ b*x
4.2 | Plot DRM
4| Intercept 4.99428 £ 0.097
4.0 | Slope -0.05557 £ 0.01
| Residual Sum of Sq 0.04744
R-Square 0.92901
38 ! ] ! ] ! | ! ] ] ! | ! | ! I ! | ! |

2 0 2 4 6 8 10 12 14 16 18
€2 (kJ? mol?)





media/file11.jpg
y=al - explarx)
Plot 250ps

a 13236306 £.3.5601
3 098336 028152

Equation

y=abu(tony)
25.CPs

136636193473

191237 2068518

ReducedChis 5478196

R-Sauare

g3z






media/file6.png
(b)

T
160

0.020 4

015 4

:

010 4

.E:.OMEE uE:n_vo> aog =

0.000

-
L&
8 €
F
E
S 2
.
-9
8
T T T T T o
o w o w o w
2 o o A 5 =
o o o o o o
(wu.Bwo) awnjop aiog MpAP
= = “ = i
uo o o o o
N N Lt L
(d1s B/, wo) paqiospy Aijuenp
—
©
—

250 A

(d1s B/;wo)

T
o

150

T
o
o

—

T
o
w

paqiospy Ayjuenp

1.0

08

0.2

Relative Pressure (p/p°)

Relative Pressure (p/p°)

(d)

T 5 g
o W ﬁ
a 3

o o ©

{wu B wo) awn|op 3104 MPIAD
r T v | =

1
o
uw

o o o ﬂ_v
u o u o
N N ™ o
(dLS B/ wd) paqiospy Ajjuenpd
_—
)
A
. F
e &
- 8 M
8
(- Brauo) aun pA 9104 MNP
o o o o o
u o uw o (9]
N N - -

(dLs B/:wo) paqiospy Auend

1.0

08

06

04

0.2

0.0

Relative Pressure (p/p°)

Relative Pressure (p/p°)





media/file15.jpg
mot um’“'“ TsmoL 100 mgl.
el et
Q@ 25mglL
@ 50mg/L
~%1 | @ 75mgLL
X @ 100 mglL|
=
£,
2
0+ o__—*‘/o
0.0030 0.0031 0.0032 0.0033

AT (K)

0.0034





nav.xhtml


  surfaces-07-00032


  
    		
      surfaces-07-00032
    


  




  





media/file16.png
Equation

Plot
10 Weight
Intercept
Jd [Slope

R-Square

Residual Sum of Square

y =a+ b*x
25 mg/L 50mg/L 75 mg/L 100 mg/L
No Weighting
-13.15657 £ 3.06393 -7.63573+0.82921 -48.99015 +10.45358 -8.53913 +0.03212
5365.79008 + 956.808 3641.09697 + 258.94 17018.81664 + 3264.4 2801.06078 +10.0
0.04315 0.00316 0.50233 4.74145E-6
0.96918 0.99497 0.96451 0.99999

o -3

| |
0.0032 0.0033

1T (K1)

|
0.0031

0.0034





media/file2.png
24.8 nm

o
! 16.2 n
%20.1 nm

58.5 nm






media/file20.png
100 ~

S @) o
o o o
] ] ]

Removal Efficiency (%)

N
o
]

|
IBU

— 1
CHL C