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Introduction: Crude oil and petroleum hydrocarbon contamination is commonly found in the soil and groundwater during the various processes of mining, processing, and utilization due to issues such as inefficient environmental management, random wastewater discharge, and storage tank leakage.To address this issue, we will use corn stalk biochar (SBC) and surfactants to improve the stability and chemical reactivity of nZVI, thereby enhancing its ability to remove pollutants, and explore the adsorption effect and mechanism of composite materials for petroleum hydrocarbons.
Methods: Modified corn stalk biochar (SBC) was synthesized through high-temperature carbonization and KOH activation. Subsequently, the iron/carbon composite PN-nZVI@SBC (PNMSBC) was prepared by loading nano zero-valent iron modified with dual surfactants, and it was adopted to adsorb total petroleum hydrocarbons(TPH) in groundwater. The physical and chemical properties, surface patterns, and elemental mapping of PNMSBC particles were analyzed using SEM, EDS, TEM,XRD, BET, and FTIR spectroscopy. Kinetics and isotherm tests were performed to evaluate the adsorption properties of the composites. TPH adsorption was dependent on ionic strength, initial TPH concentration, as well as pH. The adsorption mechanism combining XPS and EPR spectroscopy was explored.
Results: The characterization results by SEM and TEM showed that the particle size of nZVI particles modified by surfactants became smaller, and the dispersibility was enhanced. The characterization results by XRD and FTIR confirmed the successful preparation of the composites. The BET results showed that MSBC and PNMSBC were mesoporous structures. The characterization results indicated that Polyvinylpyrrolidone (PVP) and Sodium oleate (NaOA) inhibited the oxidation of nZVI while effectively improving its reactivity. The result of the experiments on adsorption showed that the removal of TPH by PNMSBC followed Freundlich isotherm and pseudo-second-order kinetic models, thus suggesting that the main adsorption processes comprise chemisorption and multilayer heterogeneous adsorption. The adsorption capacity of PNMSBC was increased by the abundance of macro and microporous structures. To be specific, a maximum Langmuir adsorption capacity (qm) was achieved as 75.26 g/g. The result of batch experiments indicated that PNMSBC continuously removed considerable TPH under a wide pH range from 2 to 6. The adsorption mechanism of PNMSBC includes surface adsorption, oxidation, complexation, and electrostatic interaction.
Discussion: In brief, PNMSBC has a promising application for the adsorption of TPH in groundwater remediation.
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1 INTRODUCTION
Groundwater, a significant freshwater supply, has been the primary source of drinking water in numerous regions (Arshad et al., 2020; Li R. et al., 2022). Total petroleum hydrocarbons (TPH) comprise a mixture of hydrocarbons and traces of other organic materials. TPH contamination has been widely detected in the soil and groundwater of crude oil mining and machining sectors for inefficient environmental management, arbitrary wastewater discharge, and storage tank leaks during oil extraction, processing, as well as utilization (Diraki et al., 2019). Petroleum hydrocarbon contaminants in the environment may be absorbed into the human body through inhalation and skin contact, which is likely to have teratogenic, carcinogenic, and mutagenic consequences (Smith et al., 2006). Several physical, chemical, and biological in-situ remediation techniques have been adopted to rehabilitate oil-contaminated locations. Yang et al. (Yang and Chen, 2020) prevented the dispersion of oil spillage in underground water using oil-absorbing barrier, oil-absorbing material, skimmer, and other equipment, with a maximum recovery rate of 30%. Poi et al. (Poi et al., 2018) restored TPH-contaminated groundwater through large-scale biofortification, which dropped from 1,564 mg·L-1–89 mg·L-1 in 32 days. Typically, the above technologies have significant operating and maintenance costs, require more time to fix, and may cause secondary pollution. The adsorption technique has been extensively used for its straightforward treatment method, cheap running expenses, and high repair effectiveness.
nZVI is capable of removing several types of pollutants from groundwater through chemical reduction and adsorption precipitation. It has aroused wide attention in the field of groundwater environmental restoration (Phenrat et al., 2016). nZVI cannot display adequate reactivity in terms of in-situ cleanup and groundwater storage for its propensity to agglomerate and low electron selectivity (Zhao et al., 2019). To address the aforementioned issues, materials such as resin, silica, and activated carbon are often employed to immobilize nZVI and boost its reaction efficiency (Gong et al., 2020). compared with the above nZVI immobilized materials, biochar is a readily available (Xu et al., 2018) and low-cost (Liu et al., 2019) raw material with a large specific surface area, a porous structure, and oxygen-containing compounds.
Coating nZVI particles with stabilizers is an additional method to enhance the dispersion and mobility of the particles in the solution. The spatial site resistance and electrostatic repulsion caused by different stabilizers (e.g., polymer electrolytes and surfactants) may prevent the aggregation of nZVI particles and distribute them evenly in solution, thus increasing the surface activity of nZVI (Zhao et al., 2016). A wide variety of stabilizers have been employed (e.g., nonionic surfactants, cationic surfactants, anionic surfactants, and amphoteric surfactants (Phenrat et al., 2009)). Polyvinylpyrrolidone (PVP) has become a widely used nonionic surfactant and shows numerous advantages (e.g., electrical properties, low price, and water solubility). Owing to the above qualities, PVP has extensively served as a dispersant in nanoparticle synthesis (Sakulchaicharoen et al., 2010). Moreover, PVP is capable of agglomerating with a variety of inorganic compounds for its unique strength and rigidity, such that it can apply to the manufacture of polymeric nanoparticles (Bubel et al., 2011; Zhou and Hu, 2017). Sodium oleate (NaOA) has been confirmed as a low-cost, environment-friendly anionic surfactant (Wang et al., 2018). NaOA significantly increases the colloidal stability of nZVI by improving nZVI mobility and overall reactivity and decreasing particle adherence to mineral surfaces (Lefevre et al., 2016). In this study, the two surfactants mentioned above will be utilized to increase the stability and chemical reactivity of nZVI, thus increasing its capacity to remove contaminants. In addition, the research on enhancing the reduction and remediation of TPH pollution in groundwater with carbon-coated nZVI by combining the solubilization and desorption properties of surfactants has not been reported.
This study aimed to develop stable, highly active iron/carbon composites by co-modifying PVP and NaOA to eliminate TPH from groundwater. To be specific, 1) PNMSBC was manufactured and characterized for precise physical and chemical properties; 2) the performance of PNMSBC for the adsorption of TPH was analyzed through batch experiment; 3) plausible mechanisms of PNMSBC for TPH elimination was proposed. This study lays a solid theoretical foundation for PNMSBC feasibility analysis of in-situ treatment of TPH-containing groundwater.
2 MATERIALS AND METHODS
2.1 Chemicals
Corn straw originated from a farmland in Changzhou, Jiangsu Province, China. The following chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd, including diesel oil (TPH), ferrous sulfate heptahydrate (FeSO4·7H2O), potassium hydroxide (KOH), sodium hydroxide (NaOH), sodium borohydride (NaBH4), hydrochloric acid (HCl), ethanol (C2H6O), Polyvinylpyrrolidone (PVP), Sodium oleate (NaOA), potassium nitrate (KNO3), sodium chloride (NaCl), calcium chloride (CaCl2), sodium sulphate (Na2SO4), ammonium chloride (NH4Cl), dipotassium hydrogen phosphate (KH2PO4), tert-butanol (TBA), as well as p-benzoquinone (PBQ).
2.2 Preparation of materials
First, the corn straw was washed and dried, ground through a 20-mesh sieve and placed into a crucible. Subsequently, the samples pyrolyzed for 6 h at 300°C, 500°C, and 700°C (10°C/min-1) underneath the flow of nitrogen. The raw biochar (expressed as RBC) was prepared by grinding through a 100-mesh sieve. Next, the RBC was immersed in KOH saturated solution for 24 h, filtered and dried, placed in a crucible, and then heated to 750°C (10°C/min-1) for 2 h underneath the flow of nitrogen. Afterward, the pyrolyzed products were diluted with HCl for purification till the pH reached 7.0 and the products evaporated at 60°C. The acquired biochar was termed SBC.
The method employed to synthesize SBC loaded double surfactant-modified nZVI (PNMSBC) was similar to an early published study (Xu et al., 2022). This product is typically produced using the liquid phase reduction method. Subsequently, 2.78 g FeSO4·7H2O and 0.5 g SBC were first dissolved in 50 mL ultra-pure water in a three-necked flask. Moreover, N2 was purged to remove any dissolved O2. Next, 0.1g PVP and NaOA were added and completely dissolved through magnetic agitation. Afterward, 1.51 g NaBH4 was added and magnetically agitated for 30 min, at which point the formed blackish particles were distinct from the liquid state. Lastly, the final particles were identified as PNMSBC. Furthermore, SBC-loaded nZVI composite (MSBC) can be synthesized using the PNMSBC preparation method without the addition of PVP and NaOA.
2.3 Analytical methods
The elemental compositions of all samples were measured using an elemental analyzer (Vario EL III Element Analyzer, Germany). The surface area, pore volume and pore size distribution were measured by N2 adsorption/desorption method at liquid temperature (77 K) (ASAP2460 physical adsorption instrument). The zero point charge (pHzpc) of MSBC and PNMABC were measured using zeta potential analyzer (ELSZ-2000ZS, Japan). The crystallographic structure and phase composition characteristics were analyzed by X-ray diffractometer (D/MAX-2500, Japan). The surface morphology and composition were detected by Scanning electron microscope (SEM, Hitachi, Japan) images along with a HORIBA EX-350 EDS detector. The surface functional groups were identified by FITR (Nicolet FTIR 6700, America) in the 4,000–400 cm−1 spectral range. The content of diesel oil (TPH) was examined using GC–FID (GC9790, America) (Desalegn et al., 2018; Bolade et al., 2021).
2.4 Adsorption experiments
2.4.1 Kinetic adsorption experiment
The TPH adsorption capacities of RBC, SBC, MSBC, and PNMSBC were examined through the batch sorption process. to investigate adsorption kinetics, 15 mg of adsorbent and 0.529 mL diesel oil (initial concentrations 3 g/L) were added into 250 mL conical flasks, and the adsorption was conducted at natural pH. The samples were oscillated at a frequency of 150 rpm at 291 K. The length of adsorption was 80 min, and the samples were extracted every 10 min. The TPH content was examined using GC–FID. The experimental results were interpreted using Pseudo-first-order, Pseudo-second-order, intraparticle diffusion, and Bangham channel diffusion models. Eqs 1–4 showed expressions.
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Where qt (g·g-1) represents the adsorption capacity at t moment; qe (g·g-1) denotes the equilibrium adsorption density; k1, k2 and ki are adsorption rate constants; C denotes a constant linked to the thickness of boundary layer; m and k represent the constants determined by the graph of lgqt versus lgt.
2.4.2 Isothermal adsorption experiment
150 mL of 1–10 g/L diesel oil solution was emptied into 250 mL conical flasks with 15 mg of adsorbent and oscillated for 60 min at 150 rpm and 291 K. The TPH concentration was examined using GC–FID. The experimental data were assessed using Langmuir, Freundlich, Temkin, and Redlich-Peterson models. The expressions are presented in Eqs 5–8.
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Where Ce (g·L-1) represents the equilibrium adsorption density, Kl (L·g-1) symbolizes Langmuir adsorption coefficient, qm represents adsorption capacity; Kf and 1/n represents the adsorption coefficient and nonlinear coefficient in Freundlich equation respectively; R (8.314 Jmol·K−1) represents the absolute temperature, T(K) represents the universal gas constant; A, B and g are Redlich-Peterson constants (0 < g < 1).
2.4.3 Batch experiments on the adsorption process
TPH adsorption experiments were performed on all adsorbents through intermittent adsorption. Unless otherwise stated, all experiments were performed in a thermostatic oscillator, and adsorbent adsorption experiments were performed in a 250 mL conical flask containing 150 mL TPH solution (the initial pH was not adjusted) and 15 mg adsorbent. Except for special requirements, the concentration of TPH solution is 3 g/L, and other experimental conditions are consistent with the above. The effect of pH was studied by adjusting the pH of TPH solution in the range of 2–11. The initial TPH concentrations ranged from 1 to 9 g/L to examine their effect on adsorption. 0–0.1 M NaCl, CaCl2, KNO3, NH4Cl, KH2PO4, and Na2SO4 were additionally added to explore the effects of NH4+, Ca2+, Cl−, NO3-, PO43-, and SO42-. specimens The TPH concentration of samples was investigated through GC-FID. The TPH adsorption on adsorbent at time t (qt, g·g-1) was obtained using Eq 9.
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Where C0 (g·L-1) and Ct (g·L-1) denote TPH concentrations at initial and t (min), respectively. Moreover, m (g) and V (L) represent the mass of adsorbent and the volume of reaction solution, respectively.
2.5 Reusability
MSBC and PNMSBC after adsorption were added to 0.5 M NaOH solution for recovery. The sample was agitated at 353 K for 1 h and then replenished with distilled water for another 1 h for full desorption. Subsequently, the regenerated adsorbent samples were rinsed and then dried. Furthermore, the adsorption regeneration capacity and stability of MSBC and PNMSBC regeneration procedures were investigated.
3 RESULTS AND DISCUSSION
3.1 Characterization of RBC, SBC, MSBC and PNMSBC
The morphology of the RBC, SBC, MSBC, and PNMSBC samples were studied through SEM and TEM (Figure 1). As depicted in Figures 1A,B, RBC had a smooth surface and a considerable number of regular hollow channels, and combined with the results of the pore size distribution curve in Figure 2F), the pore size range of RBC is mostly distributed in the range of 0–4 nm, which was largely concentrated in the micropore and mesopore range. Numerous pores were identified on the KOH-modified biochar (Figures 1C–H) and then validated through N2 adsorption-desorption analysis (Supplementary Table S2). The surface pore size of SBC became increasingly larger with the increase of the carbonization temperature, and fracture and collapse occurred, thus indicating that a dense uneven structure was formed. As depicted in Figures 1I–L, the synthesized nZVI particles on MSBC were spherical in shape, and chain-like aggregates were formed on the particles, which were evenly disseminated across the SBC surface due to magnetic interactions. There were two reasons for the improved dispersion of PVP and NaOA modified nZVI. First, surfactants are capable of decreasing the agglomeration through high electrostatic repulsion (Eljamal et al., 2020). On the other hand, surfactants are likely to significantly increase the steric-hindrance effect and reduce the magnetic forces, van der Waals forces and surface tension (Ogawa and Kawase, 2021). The particle sizes of nZVI were obtained as 25–35 nm and 7–16 nm based on the TEM characterization findings of MSBC and PNMSBC in Figures 1M, N, respectively. The inclusion of PVP and NaOA in synthesis led to the modified crystalline structure, the lowered particle size by inhibiting aggregation, as well as a large surface area for enhanced catalytic properties. The comparison of TEM images indicated that PNMSBC exhibited a core-shell or egg yolk like structure, and the formation of core may be attributed to PVP covering, and the eggshell was attributed to Fe0 (Idrees et al., 2021). At the same time, surfactant modification removed thin outer layer of nZVI. The outer layer may be an oxide layer, explaining the lowered oxide concentration of PNMSBC (Supplementary Table S2) (Liu H. et al., 2022). The element mapping analysis of MSBC and PNMSBC was conducted by Figures 1O, P, and the distribution of C, O and Fe was indicated. The result indicated that Fe element was uniformly distributed across the SBC to synthesize MSBC and PNMSBC composite.
[image: Figure 1]FIGURE 1 | SEM images of (A, B) RBC; (C, D) SBC-300; (E, F) SBC-500; (G, H) SBC-700; (I, J) MSBC; (K, L) PNMSBC and TEM of (M) MSBC; (N) PNBSBC and Mapping of (O) MSBC; (P) PNMSBC.
[image: Figure 2]FIGURE 2 | XRD patterns of (A) RBC, SBC; (B) MSBC, PNMSBC and FTIR spectroscopy of (C) RBC, SBC, MSBC, PNMSBC and Zeta potential of (D) MSBC, PNMSBC and N2 adsorption-desorption curves (E), pore size distribution (F) of RBC, SBC, MSBC, PNMSBC.
The XRD patterns of different material exhibited broad peaks were identified at 2θ angles 20.8°, 26.6° and 50.2° in Figures 2A, B, which were recognized as quartz in the structures of RBC, SBC, MSBC, and PNMSBC, for whom the degree of expansion was correlated with an amorphous structure (Hussain et al., 2017). The faint peaks at 29.4°, 35.9°, 39.4°, 43.1°, 47.5°, 48.5° belonged to the presence of CaCO3 in RBC and SBC structures (Dai et al., 2020). Nevertheless, the peaks of CaCO3 on SBC were less than those on RBC, thus suggesting that KOH facilitates CaCO3 elimination. XRD pattern of MSBC and PNMSBC samples are presented in Figure 2B. Strong peaks were identified at 44.9° after nZVI immobilization, consistent with the (110) plane of α-Fe0. After the reaction with TPH, the quartz diffraction peak of PNMSBC was significantly weakened, thus suggesting that the inherent crystal structure of biomass carbon is not stable and easily collapsed under the action of the reaction. The diffraction peak of Fe0 decreased or even disappeared as the nano-zero-valent iron was consumed by the reaction and entered the solution into Fe2+ or Fe3+. MSBC showed faint diffraction peaks at 2 = 30.2°, 35.7° and 43.5°, thus confirming the presence of Fe2O3 and Fe3O4 (Zhu et al., 2018).
The FTIR spectra for different samples were performed between 400 and 4,000 cm−1 (Figure 2C). -OH stretching vibration peak was identified as 3,420 cm−1, thus indicating that the composites exhibited considerable oxygen-containing structural features (Zhang S. et al., 2020). The peak at 1710 cm-1 was generated through C=O ester stretching and O-H stretching (Gan et al., 2015). The C=C, CH2 and C-O-C stretching vibrations identified at 1,499, 1,403, and 1,100 cm−1 were likely to belong to the presence of aromatic ring structures. The peak at 592 cm-1 in MSBC and PNMSBC corresponded to the Fe-O tension and deformation vibration (Su et al., 2016). FTIR results indicate that SBC loaded surfactant-modified nZV increases the surface functional groups of PNMSBC.
MSBC and PNMSBC achieved the zero point charge (pHzpc) of 6.32 and 7.22, respectively, and their surfaces were positively charged once the pH fell below pHzpc (Figure 2D). The electrostatic repulsion force decreased with the increase of pH from 3 to 7, leading in a rise in TPH elimination efficiency. The maximum MSBC and PNMSBC TPH elimination efficiency was obtained at pH 6 to 7. The adsorbent surface had a negative charge when the solution pH exceeded pHzpc (Jang and Kan, 2019a). With the increase of pH, the negative charge of adsorbents and TPH species led to charge separation and poor adsorption, thus reducing TPH removal efficiency. Furthermore, iron oxide/hydroxide precipitates (e.g., Fe(OH)3 and Fe3O4) developed readily on iron material surfaces in an alkaline environment, thus reducing TPH removal efficiencies (Huang et al., 2019). Electrostatic repulsion force may not facilitate the removal of TPH by MSBC and PNMSBC at solution pH values of 6 and 7, whereas hydrogen bonding, pore filling, and π-π interaction played a certain role in TPH adsorption (Xu et al., 2022).
Supplementary Table S2 lists the properties of RBC, SBC, MSBC, and PNMSBC. The comparison of the carbon content of the SBC to that of the RBC indicated that the KOH-activated treatment facilitated the graphitization of RBC (Qin et al., 2022). Moreover, the reduction in C, H and N contents in MSBC and PNMSBC may arise from Fe addition. The atomic ratios (O + N)/C, O/C, and H/C represent polarity, hydrophilicity, and aromaticity, respectively (Al-Wabel et al., 2013). The lower the H/C value, the greater the value of (O+ N)/C will be, and the higher the polarity and hydrophilicity will be (Takeuchi et al., 2008). Similar results of SBC and PNMSBC were obtained, which were more aromatic and hydrophobic than RBC and MSBC.
Nitrogen adsorption-desorption experiments were performed to characterize the features of sample textures. The corresponding results are presented in Figures 2E, F; Supplementary Table S2. The adsorption-desorption isotherms (Figure 2E) were all type IV isotherms and H3 hysteresis loops in accordance with the IUPAC adsorption isotherm classification, thus indicating that a porous structure was formed in the above materials. When N2 molecules were adsorbed on the mesoporous layer, the sample isotherms increased at low P/P0 (0.0-0.5). The mesoporous nature of the materials led to a dramatic spike between 0.5 and 1.0 relative pressure. Figure 2F presents the salient pore size trends. SBC exhibited greater numbers of micropores and mesopores than RBC. Compared with the micropore and mesopore distributions of SBC with three different carbonization temperatures, SBC-500 > SBC-700 > SBC-300, thus indicating that 500°C carbonizations most significantly enhanced RBC pore structure. As depicted in Supplementary Table S2, the BET surface area of SBC (76.692 m2/g) was greater than that of RBC (13.247 m2/g), whereas the BJH pore volume was 10 times that of RBC, thus suggesting effective alteration. The BET surface area and average particle size of MSBC were not significantly changed than those of SBC. Combined with SEM analysis, it was possible that nZVI particles were evenly disseminated across the SBC surface due to magnetic interactions and did not enter the macro and microporous structures (Neeli and Ramsurn, 2018). The BET surface area of PNMSBC specific (21.303 m2/g) was smaller than that of the MSBC (77.176 m2/g), probably because the synthesized nZVI particles on the MSBC exhibit a chain-like morphology with numerous nanoscale particles. In contrast, PNMSBC comprised different sizes and well-shaped spheres (Li et al., 2022b). The larger average particle size of PNMSBC than MSBC reveals that PNMSBC exhibits a greater adsorption capacity. In addition, the pore size of PNMSBC is mainly distributed in the range of 0–10 nm, which can be determined that PNMSBC has rich mesoporous structure, accompanied with a large surface area and narrow pore size distribution. Further research is needed for the existence of microporous structure.
3.2 Adsorption kinetics
Compared with previous studies showed in Supplementary Table S3, TPH adsorption in this study need less time to reach equilibrium and the removal rate is higher. Figure 3A depicts the pseudo-first order and pseudo-second order kinetics of TPH elimination. Supplementary Table S1 displays the computed outcomes of the two models. The pseudo-second-order model fit adsorption better than the pseudo-first-order model (0.995–0.999 vs. 0.978–0.998) (Supplementary Table S1), indicating that the decisive phase could be chemical sorption (Zeng et al., 2019). In general, the pseudo-first-order model: mainly assumes that the diffusion step dominates the adsorption process. The pseudo-second-order model assumes that the chemisorption mechanism controls the adsorption rate. Two mechanisms usually occur in the adsorption process, and the slightly higher R2 of pseudo-second-order model indicates the decisive phase could be chemical sorption (Wang et al., 2021). When the adsorption approached equilibrium, the equilibrium adsorption capacity of TPH by adsorbent was arranged as follows: PNMSBC > MSBC > SBC-500 > SBC-700 > SBC-300 > RBC. Approximately 48.0% (MSBC) and 80.6% (PNMSBC) of the total crude oil adsorbed onto adsorbent at equilibrium (60 min) was rapidly absorbed during the first contact duration of 30 min. The inclusion of free-active sites on the surface of the adsorbent may explain this occurrence of a greater initial adsorption rate. However, after 30 min of contact time, the adsorption rate practically stayed constantly attributable to the adsorbent surface becoming saturated with crude oil and achieving equilibrium. The intraparticle diffusion model determines the diffusion mechanism and rate-limiting step in adsorption.
[image: Figure 3]FIGURE 3 | Adsorption kinetic of pseudo-first-order plots and pseudo-second-order plots (A), intra-particle diffusion plots (B), Bangham plots (C) for TPH adsorption by RBC, SBC, MSBC and PNMSBC ([TPH]0:3 g/L; [RBC]0/[SBC]0/[MSBC]0/[PNMSBC]0: 0.1 g/L; T: 291 K; t: 80 min), and adsorption isotherm of Langmuir plots and Freundlich plots (D), Temkin plots (E), Redlich-Peterson plots (F) for TPH adsorption by RBC, SBC, MSBC and PNMSBC ([TPH]0: 1–10 g/L; [RBC]0/[SBC]0/[MSBC]0/[PNMSBC]0: 0.1 g/L; T: 291 K).
The estimated intraparticle diffusion model curves comprise of three linear parts and do not traverse origin, showing TPH adsorption is a multistep process (Figure 3B) (Qu et al., 2021). TPH transfers swiftly from water to adsorbent, hence the first stage of adsorption happens fast. In the second step, the adsorption rate slowed due to TPH intraparticle diffusion in material pores. In the last stage, adsorption achieved equilibrium gradually. Compared with the rate constant of each stage, k1 is much greater than the others, indicating that film diffusion is the rate-limiting phase during the whole adsorption process. The Bangham channel diffusion model illustrates the real rate-limiting phase. The high linear coefficients of R2 values for Bangham model indicate that channel diffusion behavior has a major impact in adsorption (Figure 3C).
3.3 Adsorption isotherms
Figure 3D shows that qe values rose with Ce values, which is generally attributed to a stronger driving force and adsorption contact area. The RL was found between 0 and 1 when the initial concentration of TPH was between 1 and 10 g·L-1. Consequently, it was established that the absorbent had a high affinity for TPH and that the adsorption process happened quickly (Gao et al., 2022). RL has an inverse correlation with KL, and the smaller RL is conducive to adsorption. It can be seen from Supplementary Table S1 that the KL value of PNMSBC (0.787) is higher than that of MSBC (0.409), so PNMSBC has a better adsorption effect on TPH. There was no significant increase in qm for RBC, SBC, MSBC and PNMSBC, which might be because the modification method increased the adsorption rate of the adsorbent, but BC still dominated the adsorption amount. The correlation coefficient (R2) of Freundlich model for MSBC was 0.994, which was higher than the 0.983 of Langmuir model. The R2 value of Freundlich model (0.985) for PNMSBC was greater than that of Langmuir model (0.922). The substantial correlation coefficient fit the Freundlich model more accurately, suggesting that the adsorption of TPH was multilayer heterogeneous. In this work, isotherms with 1/n < 1 imply preferential adsorption (Dragan et al., 2014), this means that all TPH is readily adsorbable for all adsorbents. As seen in Figure 3E, in the application of the Temkin isotherm model, demonstrating that strong intermolecular forces play a significant role in the TPH adsorption process. As adsorption rises, the total heat of adsorption decreases (Zeng et al., 2022). The adsorption of TPH on adsorbent could be better described by Redlich-Peterson isotherm model (Figure 3F), which incorporates both the Langmuir and Freundlich isotherm models (Li et al., 2022c). All B values were greater than 1, suggesting that the analyzed system tends to conform to the Freundlich -type mechanism. From these results, we infer conclude that the process mostly included multilayer heterogeneous adsorption (Liu T. et al., 2022).
3.4 Effects of ionic strengths, initial TPH concentration and pH on TPH adsorption
Figure 4A presents the effect of the types and concentrations of different coexisting ions on the removal of TPH by PNMSBC. The minor effects of Na+, Ca2+ and SO42- ionic on TPH adsorption were primarily attributed to their weaker affinity for Fe than TPH. Nevertheless, SO42- removed iron oxide and hydroxide, thus removing the passivation layer and expanding the number of active sites on the surface of nZVI (Shang et al., 2017). PO43-, NO3− and Cl− significantly limited TPH removal. One potential reason for TPH inhibition is that it competes with TPH on the PNMSBC surface for reaction sites (Wang et al., 2013). However, the concentrations of the above ions were significantly higher than in natural waters, thus indicating that PNMSBC exhibited a significant affinity for TPH in the presence of most other anions. The above analysis reveals that PNMSBC has promising practical applications.
[image: Figure 4]FIGURE 4 | The influence factors on the removal of TPH: (A) coexisting anions ([TPH]0: 3 g/L; [PNMSBC]0: 0.1 g/L; t: 80 min; T: 291 (K); (B) initial TPH concentration ([RBC]0/[SBC]0/[MSBC]0/[PNMSBC]0: 0.1 g/L; t: 80 min; T: 291 (K); (C) Effect of initial pH for the removal of TPH ([TPH]0: 3 g/L; [RBC]0/[SBC]0/[MSBC]0/[PNMSBC]0: 0.1 g/L; t: 80 min; T: 291 (K); (D) Reusability test of MSBC and PNMSBC.
Figure 4B shows the effect of the initial TPH concentration. The adsorption capability of the four substances increased as the initial concentration of TPH increased. PNMSBC shows a much higher removal capacity than TPH. With the increase of the initial TPH concentration, the driving force between TPH and adsorbents increased, correlated with the increase of the adsorbent surface active site occupancy. Furthermore, the conclusion derived from the above studies reveals that the active sites on the surface of PNMSBC may be exploited efficiently at a high TPH concentration, thus confirming that PNMSBC is highly reactive.
The solution pH value might affect adsorption by affecting sample surface charges and TPH molecules (Mittal et al., 2012). The pH of TPH adsorption tests varied from 2.0 to 11.0. As depicted in Figure 4C, TPH adsorption increased from pH 2 to 6, where the highest adsorption capacity of PNMSBC was 27.4 g/g at pH value of 6 and subsequently dropped from pH 7 to 11. Thus, TPH removal from a slightly acidic to a neutral solution proved advantageous. Under identical conditions, the activity of PNMSBC to remove TPH was better than that of MSBC. The good removal of TPH under acidic conditions may be attributed to the fact that the presence of large amount of H+ facilitates the corrosion and oxidation of Fe0, thus contributing to the reduction of TPH (Huang J. et al., 2022). The result suggests that alkaline surroundings do not apply to the adsorption of TPH by nZVI and the reduction of TPH by Fe0, principally because the quick formation of metal anion of nZVI hinders the interaction of nZVI with TPH (Liu et al., 2021).
3.5 Mechanism of TPH removal
3.5.1 XPS analysis before and after adsorption
High resolution X-ray photoelectron spectroscopy of C1s, O1s and Fe2p was investigated on MSBC and PNMSBC to determine the changes in chemical conditions of C, O and Fe before and after adsorption, so as to clarify the involvement of nZVI in the adsorption process. Figure 5 depicts the complete survey spectra of MSBC and PNMSBC before and after reaction and the narrow region spectra of the elements presented in the figure.
[image: Figure 5]FIGURE 5 | XPS patterns of survey spectra, C1s, O1s, Fe2p, for MSBC (A–D) and PNMSBC (E–H) before and after reaction.
Figure 5B presents the C1s high resolution spectra of MSBC before and after adsorption. The spectra of carbon were fitted with four peaks, including C-C of 284.8 eV, C-O-C of 285.55 eV and O-C=O of 289.08 eV (Zhu et al., 2019). The relative content of the above functional groups varied after TPH adsorption. C-C content increased from 43.10% to 45.75%, C-O-C content increased from 38.79% to 47.17%, whereas O-C=O content declined from 18.10% to 7.08%. The above modifications also appeared in PNMSBC (Figure 5F) though the pattern was distinct from that of MSBC. C-C content was reduced from 47.62% to 42.51%, C-O content grew from 40.95% to 48.31%, and O-C=O content declined from 11.43% to 9.18%, thus diminishing their photoelectronic spectral intensity. The above data indicated that the relative concentration of C-C changed after MSBC and PNMSBC absorbed TPH. Iron precipitation may arise continually on PNMSBC throughout the adsorption process, thus largely obscuring the C-C surface and decreasing the relative content. Iron oxides may dissolve during MSBC adsorption, thus resulting in constant exposure to the C-C surface.
Figures 5C, G present O1s high resolution spectra of MSBC and PNMSBC before and after adsorption. The peaks at 530.22 eV, 531.8 eV and 534.34 eV corresponded to Fe-O, Fe-O-H and C=O or O-C=O, respectively (Li et al., 2020). The peaks of Fe-O may belong to the oxidation process of nZVI nanoparticles to generate iron oxide shells or to interactions with functional groups on the surface (e.g., -COOH and -C=O) to form -COOFe/-OFe (Qiu et al., 2011; Wu et al., 2018). Fe-O-H peaks indicated the presence of iron hydroxide or hydroxyl oxide in the shell of nZVI (Sarathy et al., 2008). The reason for the above result is that nZVI reacts with water to produce OH-, thus reacts with metal ions in the solution to form hydroxide precipitates (e.g., Fe(OH)3) (Tosco et al., 2014; Cai et al., 2019). It is therefore confirmed that oxygen-containing functional groups eliminate TPH (Ma et al., 2022).
Figures 5D, H displayed the Fe2p high resolution spectra of MSBC and PNMSBC before and after adsorption. Fe0, FeO and FeOOH make up 17.52%, 60.87% and 21.61% of surface iron atoms before adsorption. After adsorption, the ratio of FeOOH increased from 21.61% to 29.77%, consistent with the XRD results, thus suggesting the occurrence of oxidation (Cai et al., 2019). Inorganic compounds and iron oxides/hydroxides may co-precipitate during oxidation in accordance with existing research. Corrosion of nZVI leads to the production of an oxide layer (Tian et al., 2020). The existence of high valence iron species coupled with O1s spectra, and XRD analysis indicated that nZVI was covered by a layer of iron oxide (Sun et al., 2006).
3.5.2 Reactive species identification
Experiments on free radical quenching were performed to determine the free radical species in PNMSBC. Tert-butanol (TBA) and p-benzoquinone (PBQ) were employed as the quenching agents for •OH and •O2−. As depicted from Figure 6A, 80 min after adding 10 mM TBA and PBQ to the PNMSBC reaction solution, the TPH removal rate decreased from 84% to 63% and 73%, respectively. The above findings suggest that •OH and •O2− free radicals play a certain role in the TPH adsorption process. The quenchers of singlet oxygen (1O2) (e.g., sodium azide) usually consume free radicals, thus making it difficult to determine the function of 1O2 in TPH adsorption (Li T. et al., 2022).
[image: Figure 6]FIGURE 6 | Free radical identification in PNMSBC: (A) influences of PBQ and TBA on TPH degradation; (B) EPR of PNMSBC (5%, v/v).
EPR spectroscopy further confirmed the formation of •OH and •O2− during adsorption. DMPO and TEMP were used to capture •OH and •O2−, as well as 1O2 (Huang W. et al., 2022). As depicted in Figure 6B, PNMSBC showed four DMPO-•OH peaks with a 1:2:2:1 intensity ratio. Moreover, the characteristic signal of superoxide radical was detected, consistent with the free radical quenching results. Furthermore, the expected 1O2 radical signal was not detected, thus indicating that 1O2 radical did not play a certain role in adsorption.
Specific mechanisms for the elimination of TPH by PNMSBC can be proposed based on the above results. The elimination process primarily comprised surface adsorption, oxidation, complexation, and electrostatic interaction. The adsorption capacity of PNMSBC is mainly affected by its specific surface area and oxygen-containing functional groups. SEM shows that the high degree of graphitization is the main reason for the high adsorption capacity of PNMSBC. BET data showed that the larger pore structure and higher pore utilization were the key factors for its rapid adsorption. First, TPH species were transferred from liquid phase to the solid phase of the adsorbent, followed by diffusion on the outer and inner surfaces and pores of PNMSBC, and lastly loaded onto the active site of PNMSBC (Tang et al., 2018). Moreover, after modification with surfactants, the hydrophobicity of PNMSBC is enhanced, which is conducive to adsorption. It could be deduced from FT-IR that the adsorption of petroleum by PNMSBC might be the π-π interaction between the aromatic structure of biochar and aromatic hydrocarbons (Jang and Kan, 2019b). Second, apart from physical forces (e.g., van der Waals forces), hydrophobicity, hydrogen bonds, and steric hindrance, complexation chemically induced PNMSBC for TPH adsorption (Hokkanen et al., 2013). In addition, the positive charge of PNMSBC interacted with the negative charge of TPH in the solution when the pH was below 7.22. In addition to the adsorption of biochar and zero valent iron, the PNMSBC composite also has the effect of reduction and degradation. When the macromolecules of TPH contact with PNMSBC, they can be adsorbed by biochar and surface iron oxides, and then diffuse into the pores of the materials. Then, in the presence of oxygen and water, zero valent iron as an electron donor loses electrons and converts into Fe2+ and Fe3+, while the macromolecules of TPH get electrons to break the molecular bonds and convert into small molecular substances, reducing their toxicity and being effectively removed. To be specific, dissolved oxygen in acidic wastewater degraded nZVI, generating Fe2+ ions that oxidized to Fe3+ ions (Eq. 10–11). Furthermore, the nZVI interacted with dissolved oxygen to produce hydrogen peroxide and Fe2+ ions (Eq. 12). The produced hydrogen peroxide interacted with the Fe2+ and Fe3+ ions, such that the hydroxyl (•OH) and superoxide (•O2−) radicals were formed (Eq. 13–15) (Zhang L. et al., 2020; Pan et al., 2020). The reaction mechanism is illustrated in Figure 7. As a result, PNMSBC can serve as a new material to eliminate petroleum pollutants and fix TPH pollution in groundwater.
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[image: Figure 7]FIGURE 7 | Reaction mechanisms of TPH removal by PNMSBC.
3.6 Reutilization of MSBC and PNMSBC
Regeneration of adsorption is a crucial metric for determining the adsorption effectiveness of an adsorbent. The adsorption capability of regenerated MSBC and PNMSBC on TPH is presented in Figure 4D. The removal efficiency of TPH as well as the reaction rate gradually decreased with the recycle frequency, which might be the results of byproducts covered on the surface of adsorbent and the loss of Fe0. After five regeneration studies, the adsorption effect of PNMSBC on TPH was more significant than that of MSBC. The removal rate was higher than 75%. High TPH affinity, π-π interactions, and HCl washing increased difficulties in the full desorption of TPH molecules from the adsorbent. The above results suggest that PNMSBC is stable, effective, and reusable.
4 CONCLUSION
In this study, KOH-activated biochar loaded PVP and NaOA modified nZVI were employed as an inexpensive catalyst to effectively remove TPH in groundwater. The modified nZVI particles exhibited a smaller particle size, improved dispersion, as well as enhanced TPH adsorption properties. The pseudo-second-order kinetic model and the Freundlich isotherm model more effectively fitted the adsorption experiment data, thus suggesting that the intraparticle diffusion model and liquid film diffusion play a certain role in the adsorption process, with liquid film diffusion as the rate-limiting step. The adsorption capacity of PNMSBC was increased by the abundance of macro and microporous structures. To be specific, a maximum Langmuir adsorption capacity (qm) was achieved as 75.26 g/g. The result of batch experiments indicated that PNMSBC continuously removed considerable TPH under a wide pH range from 2 to 6, while satisfactory removal results can still be obtained under neutral conditions. Moreover, the TPH sorption was not markedly affected by the bulk of ionic. Besides, the removal effect of TPH increased with the increase of the initial concentration of TPH. After five regeneration studies, the adsorption rate of PNMSBC on TPH was still higher than 75%. The mechanism of removing TPH from an aqueous solution through PNMSBC, surface adsorption, oxidation, complexation, and electrostatic interaction was achieved simultaneously and cooperated to remove TPH from the solution. The above results confirm that unique PNMSBC particles exhibit a substantial catalytic capacity and encourage its vast application for remediating TPH contaminated groundwater.
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