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Introduction:
[bookmark: _Hlk14682283][bookmark: _Hlk17023766][bookmark: _Hlk14789833][bookmark: _Hlk28968558]Worldwide antibiotics production is booming to treat human and animal bacterial infections. Meanwhile, solid waste produced from antibiotics, known as an antibiotic mycelial residue (AMR), is gaining attention as a hazardous waste affecting humans and the ecosystem (Zhang et al., 2014). Lincomycin residue (LR) is a type of AMR, representing about 15% of the production of antibiotics in China. LR contains higher protein, polysaccharides, and organic content making it suitable for nutrient reclamation. However, remaining lincomycin content makes it unfit for environmental applications without treatment (Wang et al., 2018a). Currently, researchers are taking a keen interest in the treatment of AMR and possible (re)use via different techniques like biodegradation (Wang et al., 2015), combustion (Yang et al., 2015), co-composting (Yang et al., 2016), pyrolysis (Zhu et al., 2016) and hydrothermal treatment (Ma et al., 2015; Zhang et al., 2014).
Hydrothermal carbonization (HTC) is a promising approach for treating animal waste, manure, sewage sludge, agricultural and antibiotic residue waste streams. HTC treatment improves the physical and chemical properties of the feedstock. Drying of wet feedstock is unnecessary for HTC reducing the operational costs of wet waste stream treatment. A series of reactions happen during HTC due to its homogeneous nature. Hydrolysis is the initial step in HTC that is responsible for the degradation of organics and their transformation to inorganics via adsorption or precipitation. However, higher temperatures boost polymerization and condensation reactions due to enlarged micropore surfaces, as well as dehydration (Cantero-Tubilla et al., 2018; Li et al., 2018a; Liu et al., 2018a; Zhuang et al., 2017; Zhuang et al., 2018). However, pyrolysis is mostly applied in oxygen-free environments in the temperature range 300 to 1000 °C, giving biochar, oil, and gaseous products (Frišták et al., 2018). Utilization of biochar, herein termed as activated pyrolyzed samples (APs), as fertilizers could enhance the quality and nutrient availability for soils (Frišták & Soja, 2015). Liu et al. pyrolyzed LR in CO2 and N2 atmosphere and described CO2 is considered fortunate enough to decompose calcium carbonates (CaCO3 → CaO + CO2) (Liu et al., 2018b). In this research, activation of LR samples via pyrolysis is studied under the CO2 atmosphere. 
[bookmark: _Hlk31719293][bookmark: _Hlk31815858]AMR has a relatively large amount of N, compared to biomass wastes and some of sewage sludge compositions, as well as higher contents of P. Transformation of P, N, and other elements to more stable forms can occur during HTC as is reflected in the composition of the final products (Wang et al., 2018b). It’s also been reported that antibiotic residues contain some fermentation additives, e.g., phosphates and carboxylates. The activation temperature during pyrolysis alters the P and N availability of samples, especially at higher temperatures. The depletion of P is a concern globally, and its recovery from hydrochar obtained from HTC and biochar from pyrolysis, and application as soil amending agents could represent a possible P recycling approach (Huang & Tang, 2015). Synthetic fertilizers with P and N compounds are being applied as soil amendments in dense livestock areas in European countries (Paneque et al., 2017). It was reported that organic phosphates were converted to inorganic ones during HTC via hydrolysis. Moreover, higher temperature pyrolysis was vital for inorganic phosphates transformation (e.g. Ca5(PO4)3OH) (Huang et al., 2018). Similarly, it was reported that organic phosphorus transformed to inorganics at 700 °C in a CO2 atmosphere (Zhu et al., 2018). Cao et al. reported that water-insoluble N species were converted to water-soluble ones during secondary cracking of volatiles at 700 °C (Cao et al., 2013). Due to the sensitive nature of N, extra measures could be taken during activation by pyrolysis. Moreover, N containing compounds can be considered better materials for bioremediation. All the above-mentioned researches did not report studies on N and P transformation collectively during consecutive HTC and pyrolysis treatments but just focused on either N or P species transformation in either HTC or pyrolysis. In this research, we have addressed the transformation mechanism of N and P species via two basic thermal techniques for biomass valorization.   
[bookmark: _Hlk25245847]Lead (Pb) contaminated waters are generated by the dyeing, battery, and glass industries. Direct disposal of such wastewaters to natural water bodies is harmful to the environment (Cechinel & de Souza, 2014). A number of innovative and easy to handle materials (activated carbon, porous silica, and porous gels, etc.) have been described to help control heavy metals release to the environment  (Araújo et al., 2018; Li et al., 2018b; Li et al., 2015b). Based on common and inexpensive adsorbents, adsorption is a suitable, simple and user-friendly process for the removal of heavy metals and dyes (Qian et al., 2016; Zhu et al., 2014a; Zhu et al., 2014b; Zhu et al., 2014c). To help elucidate the mechanism of immobilization (adsorption), several standard kinetic and isotherm models have been reported (Asuquo et al., 2017; Gedam & Dongre, 2015).
[bookmark: _Hlk28968330][bookmark: _Hlk31718862]The objective of this research is the treatment of antibiotic mycelial residue and the use of treated samples for environmental applications. Specifically, LR was treated with HTC and pyrolysis and comparisons were made between LR derived hydrochars and activated pyrolyzed samples. Previously, researchers have just studied the final products and the carbon transformation of AMR during HTC and pyrolysis with no consideration of other elements. Herein, the main focus is on P and N transformation during HTC and pyrolysis via different characterization approaches. We also briefly report the use of these LR derived samples as environmental remediants, an area that has so far been largely neglected.
1. Materials and methods:
1.1. Synthesis of LR-HCs and LR-APs
The lincomycin residue was provided by the pharmaceutical industry in Henan Province, China, following 40-mesh sieve size fractions LR was stored for experimentation. 
[bookmark: _Hlk17023888]For HTC treatment, a 250ml hydrothermal reactor with a 200-rpm stirring mechanism was used. Added 15 g LR in 150 mL water (feedstock and water ratio1:10) while reaction temperature was varying 200, 250 and 300 °C with heating rate 5 °C/min, the time of reaction was 2 h. The obtained LR derived hydrochars (LR-HCs) dried at 80 °C for 24 h. Furthermore, for getting LR activated pyrolyzed samples (LR-APs), LR-HCs were pyrolyzed for 1.5 h in a furnace at 700 °C under CO2 ﬂow of 0.2 L min−1 at a heating rate of 10 °C min−1. Afterward, samples were denoted dry LR as LR, LR derived hydrochars obtained at 200, 250 and 300 °C HTC temperatures as LR-HC-200, LR-HC-250, and LR-HC-300, LR activated pyrolyzed samples obtained from dry LR as LR-AP, and from LR derived hydrochars as LR-AP-200, LR-AP-250, and LR-AP-300, respectively. All samples passed through a 60-mesh sieve after crushing for subsequent analysis. For better experimental and graphical elaboration, LR-HCs were described as one unit, and LR-APs as another unit. 
1.2. [bookmark: _Hlk17888664]Characterization of LR, LR-HCs, and LR-APs
The elemental compositions (CHNS) of LR samples were characterized by the elemental analyzer (Vario EL III, Elementar) and all calculations were repeated three times. Estimation of the ash content of samples was undertaken in a horizontal furnace at 600 °C for 2h in air atmosphere. Metals (e.g. Mg, Ca, Al, Fe,) and total P concentration were determined by ICP-OCS spectrometer (iCAP 7400) with three repetitions, following the acid digestion at 200 °C about five hours. Investigative approaches were applied, i.e. XRD (X'Pert PRO powder X-ray diffraction) for examining crystal structures, FT-IR (Nexus 470 instrument) for the chemical functional groups of the surfaces, XPS (Thermo ESCALAB 250 XI) for elemental configurations and chemical states, and TG/DTG (TGA 8000, Perkin Elmer) for thermal performance of LR samples. XRD peaks were evaluated with the assistance of Jade 6.0 software. FT-IR and TG/DTG graphical data were compiled with the aid of the OriginPro 2018 software. XPS spectra were fitted with background type Shirley and symmetrical Lorentzian-Gaussian approach in XPSPEAK Version 4.0. 
The proportion of phosphorus species (P-water soluble (P-WS), P-NaHCO3, P-HCl, and P-NaOH) was accomplished by extraction in ultrapure water, 0.5M NaHCO3, 1M HCl and 0.1M NaOH, respectively (Liu et al., 2018b). For the analysis of soluble P species, 0.2 g of the sample was suspended in a 30 mL solution for 16 h at 25 °C. After centrifugation, the solution was filtered with a 22-µm filter membrane, and concerned P was determined by the ICP-OCS spectrometer with three repetitions. P-NaHCO3 was attributed as P attached to crystalline structures, P-NaOH as P portions attached to Fe and Al complexes, and P-HCl as P attached to Ca crystals. P-WS comes in the account of P-NaHCO3 composition. P-residue was P remained after the above-mentioned extraction steps.
2.3. Pb (II) Immobilization by LR, LR-HCs, and LR-APs
[bookmark: _Hlk32535900]For the adsorption experiment, 0.04 g of dry LR, LR-HCs, and LR-APs were mixed with 30 mL of diﬀerent Pb (II) concentration solutions (Pb(NO3)2: 10 to 200 mg L-1). 3.5 mL 80-mM MES buﬀer was added to Pb (II) concentration solutions for controlling solution pH around 5. Afterward, the solution was shaken with 150 rpm at 30 °C for 24 h, filtered by a 0.22-μm membrane and Pb (II) concentration of the solution was detected thrice by ICP-OCS spectrometer. Immobilization capacity, kinetic, and isotherm models are discussed in Text S1.
2. Results and discussion:
2.1. Characterization of LR, LR-HCs, and LR-APs
[bookmark: _Hlk31619214]For a better understanding of the experimental procedure, a schematic is shown in Fig. S1. The basic characteristics of LR, LR-HCs, and LR-APs are presented in Table 1. with mean ± standard deviation values. The yield of LR-HCs from HTC decreased with temperature. Dry LR has relatively low ash content compared to LR-HCs with moderate while LR-APs having the highest. Dry LR has a light brown appearance which turned darker brown as the temperature of HTC increased from 200 to 300 °C (Fig. S2). In contrast, LR-APs were black. Changes in visual appearance proposed the inherent properties of modified samples from HTC. LR, LR-HCs, and LR-AP were attributed with higher C contents while other LR-APs (LR-AP-200, -250 and -300) contained a smaller amount of C. The amount of C and S increase slightly in LR-HCs with temperature rise and the amount of H and N first decrease up to 250 °C and then increase at 300 °C. The amount of C of LR (39 %) was lower than that of LR-HC-300 (40.8 %) and the amount of S of LR (1.21 %) was lower than that of LR-HC-250 (1.39 %) and LR-HC-300 (1.58 %). But the amount of H and N of LR was always higher than those of LR-HCs. The amount of C, H, N, and S was quite close to one another for LR-APs. Dry LR has the highest O contents. The amount of O declined in LR-HCs with temperature increase due to deoxygenation while it increased in LR-APs. Elements Mg, Ca, Al and Fe present in the LR sample were 2.55, 74.6, 2.22 and 13.49 mg g-1, respectively and those in LR-AP were 5.08, 199.65, 3.34 and 34.91mg g-1, respectively. Collectively, the contents of Mg, Ca, Al and Fe of LR-HC-250 were higher than other LR-HCs and in the same way LR-AP-250 had higher contents of those elements than other LR-APs. Iron is present in modest quantities in all LR samples. Calcium contents in all LR samples were far higher than any other calculated elements in this study. Higher Ca contents were prominent in XRD and P-extraction analysis and also play a role for Pb (II) immobilization. 
Table 1. Basic characteristics of LR, LR-HCs, and LR-APs 
	Sample
	Yield
(wt. %)
	Ash
(wt. %)
	C
(wt. %)
	H
(wt. %)
	N
(wt. %)
	S
(wt. %)
	Od
(wt. %)
	Mg
(mg g-1)
	Ca
(mg g-1)
	Al
(mg g-1)
	Fe
(mg g-1)
	Total P (mg g-1)

	[bookmark: _Hlk11948059]LR
	--
	16.0
	39.0 ± 0.282
	5.89 ± 0.107
	7.91 ± 0.062
	1.21 ± 0.030
	29. 9 ± 0.341
	2.55 ± 0.714
	74.6 ± 1.23
	2.22 ± 0.214
	13.5 ± 0.810
	25.5 ± 4.03

	LR-HC-200
	43.8a
	32.0
	37.7 ± 0.266
	4.66 ± 0.185
	2.88 ± 0.035
	0.890 ± 0.382
	21.8 ± 0.806
	2.87 ± 0.022
	162 ± 2.59
	2.46 ± 0.297
	23.1 ± 0.062
	26.7 ± 1.39

	LR-HC-250
	38.3a
	40.0
	37.7 ± 0.300
	4.51 ± 0.091
	2.51 ± 0.030
	1.39 ± 0.138
	13.8 ± 0.153
	4.66 ± 0.087
	193 ± 4.42
	3.41 ± 0.225
	31.2 ± 0.404
	62.4 ± 5.35

	LR-HC-300
	27.1a
	40.0
	40.8 ± 0.298
	4.56 ± 0.136
	2.75 ± 0.032
	1.58 ± 0.084
	10.3 ± 0.234
	4.30 ± 0.071
	176 ± 4.60
	3.41 ± 0.114
	25.1 ± 0.240
	95.4 ± 7.29

	LR-AP
	33.8b
	40.0
	41.4 ± 0.057
	1.33 ± 0.060
	4.61 ± 0.00
	0.84 ± 0.429
	11.8 ± 0.539
	5.08 ± 0.087
	199 ± 1.59 
	3.34 ± 0.199
	34.9 ± 0.443
	61.2 ± 6.64

	LR-AP-200
	45.7c
	74.0
	21.9 ± 0.318
	1.83 ± 0.255
	1.34 ± 0.045
	0.31 ± 0.054
	0.62 ± 0.629
	6.58 ± 0.049
	322 ± 4.40
	5.41 ± 0.269
	47.1 ± 0.360
	49.7 ± 4.56

	LR-AP-250
	52.9c
	68.0
	23.4 ± 0.112
	1.26 ± 0.465
	1.60 ± 0.036
	2.01 ± 0.234
	3.73 ± 0.383
	7.62 ± 0.087
	303 ± 3.59
	5.91 ± 0.319
	48.7 ± 0.646
	94.0 ± 7.11

	LR-AP-300
	58.4c
	72.0
	18.7 ± 0.180
	0.96 ± 0.121
	1.12 ± 0.006
	1.95 ± 0.403
	5.27 ± 0.217 
	5.63 ± 1.28
	278 ± 9.19
	4.79 ± 1.01
	35.2 ± 3.68
	166 ± 11.5


a= (LR-HCs / LR feedstock) *100 
b= (LR-AP / LR feedstock) *100
c= (LR-APs / LR-HCs) *100 
d= by difference (O = 100 – Ash - C - H - N - S)
2.2. XRD of LR, LR-HCs, and LR-APs
[bookmark: _Hlk31647891]X-ray diffraction of LR, LR-HCs, and LR-APs was carried out to understand inorganic compound identities and their trending pattern with thermal treatments. Dry LR spectra show weddellite and whewellite contents representative of Ca in LR. After HTC treatment of LR, most of the weddellite transformed into whewellite, LR-HC-200 and -250 mostly exhibited whewellite contents. Further increase in HTC temperature to 300 °C resulted in major changes in the hydrochar structure. Most of weddellite and whewellite species disappeared in LR-HC-300 and calcite can be seen at a 2θ of 29.5°. Later, immobilization results reveal this structural change of LR-HC-300 will badly affect the Pb (II) removal. The highest peaks of the whewellite of LR-HCs appeared at a 2θ of 14.8 and 24.3° (Fig. 1. (a)). All LR-APs showed calcite as the main constituent in the XRD. Here, calcite was representative of Ca in LR-APs. The appearance of calcite may be due to the possibly enhanced alkaline nature of LR-APs. Peaks of calcite appeared at a 2θ of 23.17, 36.08, 39.49, 43.23, 47.46 and 48.57° with the highest peak at a 2θ of 29.42° (Fig. 1. (b)). Traces of hydroxyapatite (Ca5(PO4)3(OH)) were evident in some LR samples, especially LR-APs because of carbon depletion at a higher temperature.
2.3. FT-IR of LR, LR-HCs, and LR-APs
[bookmark: _Hlk31650912]FT-IR spectroscopy was analyzed for chemical functional groups of all LR, LR-HCs, and LR-APs (Fig. 1. (c) and (d)). The broad and strong band at 3430 cm-1 due to O-H stretching can be ascribed to the alcoholic and phenolic groups of LR and LR-HCs. The medium intensive absorption band of alkane compounds of LR and LR-HCs at 2850-3000 and 1460 cm-1 are due to C-H stretching and bending, respectively. N-H bending of amine 1° and amine 1°/2° were assigned the band at 1622 and 780 cm-1, respectively, consistent with amine groups in LR and LR-HCs. The strong absorption band of C-N stretching was attributed to aromatic amine at 1315 cm-1 and aliphatic amine at 1062 cm-1. N-O stretches of nitro compounds were evident at 1537 cm-1, and nitrile and/or isonitrile compounds may be the origin of the band at 2082 cm-1 but only in LR. Similarly, strong and broad peak at 3430 cm-1 due to O-H stretching of LR and LR-HCs was evident at 3443 cm-1 in LR-APs. N-H bending could be seen at 1632 cm-1 for amine 1°, and as a strong and intensive N-H absorption band at 876 cm-1 for amine 1°/2°. C-C stretching bands of medium intensity at 1425 cm-1 were allocated to aromatics. Strong C-N stretching can be attributed to the band at 1030 cm-1 consistent with aliphatic amines. 
[bookmark: _Hlk31733021]The FT-IR bands for O-H, N-H, and C-N shifted a little after pyrolysis. The absorption band for alkane compounds at 2850-3000 and 1460 cm-1 and for the aromatic amine at 1315 cm-1 for LR and LR-HCs was not evident for LR-APs. Although, a new band probably due to C-C stretching at 1425 cm-1 was allocated to aromatics for LR-APs (Fig. 1. (d)). Oxygenated functional groups could be eliminated during the high-temperature pyrolysis (> 600 °C). However, in this research, LR-APs show O-H functional groups which also labeled in previous research (Xiao et al., 2017). 
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Fig. 1. XRD spectra of LR, LR-HCs (a) and LR-APs (b), and FT-IR spectra of LR, LR-HCs (c) and LR-APs (d)
2.4. TG/DTG of LR, LR-HCs, and LR-APs
The TG/DTG was performed to study the thermal behavior of LR samples. The TG/DTG analysis was carried out in an N2 atmosphere with a temperature function (Fig. S3). For a better understanding of DTG analysis, DTG curves were divided into three phases for LR and LR-HCs (Fig. S3. (a)). The evaporation of moisture contents of LR samples was attained at 105 °C. Therefore, Phase Ⅰ (105 - 385 °C) was assigned to LR weight loss due to the dominant decomposition of proteins and other biodegradable components as well as the evaporation of any volatiles. Phase Ⅱ (385 - 509 °C) was ascribed to the loss of aromatics formed by aliphatic particle disintegration and recombination and degradation of remaining antibiotic residues. Phase ⅠⅡ of DTG curves (630 - 744 °C) was attributed to the degradation of minerals (e.g. CaCO3) present in LR and LR-HCs (Yang et al., 2015; Zhu et al., 2016). The weight of the samples left at 800 °C was denoted as the residual weight. The residual weight of LR-HCs increased with increasing HTC temperature. 
LR-APs showed simple DTG curves. LR-AP and LR-AP-200 have two phases, while LR-AP-250 and LR-AP-300 showed only one phase. Prior pyrolysis treatment at 700 °C would have already removed moisture and volatile compounds of LR-APs. The phase Ⅰ (345 - 624 °C) of LR-AP and LR-AP-200 was assigned to the aromatic loss and degradation of antibiotic residues, and the phase Ⅱ (624 - 734 °C) was attributed to the decomposition of minerals (CaCO3) present in samples (Fig. S3. (b)). LR-AP-250 and LR-AP-300 showed only one phase (521 - 734 °C) of the minerals degradation because pyrolysis had already degraded most of the lighter aliphatics, and aromatics. The presence of CaCO3 for LR-APs in XRD spectra is in good agreement with the TG/DTG results. The residual weights of LR-APs were much higher than those of LR-HCs. Features of the TG/DTG investigation of LR, LR-HCs, and LR-APs are tabulated in Table S1.    
2.5. Characterization of N and P species during HTC and pyrolysis
XPS analysis was conducted for N and P species present in LR samples. Binding energies of N 1s and P 2p3 of LR samples were documented with a corrected peak of C 1s at 284.5 in identical situations.
2.5.1. XPS of N species of LR, LR-HCs, and LR-APs
[bookmark: _Hlk31830777]The N peaks were examined and evaluated for probable Pyridinic-N, Amine-N, Protein-N, Pyrrolic-N, and Quaternary-N (He et al., 2015; Zhu et al., 2016) and graphical results are shown in Fig. 2. In deconvolution of the spectra for LR, significant components of the peak were Pyridinic-N and Amine-N species, and lesser intensive peaks for Protein-N and Pyrrolic-N (Fig. 2. (a)). During the fermentation process of LR, Pyridinic-N and Pyrrolic-N formed from the degradation process. The Pyridinic-N was the major N species in the raw LR, accounting for around 55 % of total N in LR. The amount of other N species (Amine-N, Protein-N, Pyrrolic-N) was 25.8 %, 12 %, and 6.9 % apart. HTC treatment of LR enhanced Protein-N and Pyrrolic-N contents in hydrochars. Quaternary-N was not observed for LR but increased for LR-HCs. In addition, HTC treatment promoted the formation of Quaternary-N from the transformation of pyridinic-N and pyrrolic-N (He et al., 2015). The proportion of N species in the XPS spectra is shown in Table S2. Deconvolution spectra of LR-AP showed a unique peak pattern compared with other LR-APs (i.e. LR-AP-200, -250 and -300). LR-AP-250 has lower FWHM in deconvoluted spectra for all N peaks compared to those of other LR-APs. Pyridinic-N, Amine-N, and Pyrrolic-N has shown variations while Protein-N and Quaternary-N are stable for LR-APs (Fig. 2. (b)). Furthermore, the less intense peaks of Quaternary-N were seen in LR-APs. From XPS spectra, a new N peak was found attributed to the Quaternary-N in LR-HCs and LR-APs. It agrees with previous research where it described less stable N species tended to condense into more stable ones through the ring condensation (Tian et al., 2013).
2.5.2. FT-IR of N species of LR, LR-HCs, and LR-APs
[bookmark: _Hlk31830688]The transformation of N species was also demonstrated by FT-IR. N species are shown in bold text in Fig. 1. (c) and (d). It can be seen that dry LR shows many N species in its structure. Strong N-O stretches of nitro groups occurred at 1537 cm-1, and nitrile and isonitrile compound apparent from the band at 2082 cm-1 only appeared in LR after HTC and pyrolysis these N species decomposed. This shows the decrease of N contents in LR-HCs and LR-APs as described in Table 1. For LR-HCs, N-H bending modes of primary and secondary amines (amine 1° and 1°/2°), and C-N stretching attributed to aromatic amine increased with HTC temperature up to 250 °C and then decreased for 300 °C. The amine content of LR-HCs was temperature-dependent. Meanwhile, C-N stretching bands were attributed to aliphatic amine and increased with HTC temperature increase. FT-IR results show that LR-HC-300 has a different peak intensity for N species in comparison to other LR-HCs. Pyrolysis activation of LR and LR-HCs changed most of N species. LR-APs display fewer peaks of N species in comparison to LR-HCs. N-H bending of primary amines (amine 1°) was displayed with the same intensity for all LR-APs. Strong and intensive N-H absorption bands for primary and secondary amines showed LR-AP-200 > LR-AP-250 > LR-AP-300 > LR-AP peak intensity trend. C-N stretching bands indicative of aliphatic amines were less intense and broader for LR-AP compared to other LR-APs. From FT-IR results, it can be concluded that compared to LR-APs, LR-HCs possess much higher N species in their composition and N species were affected during HTC and pyrolysis. Amine groups' presence in XPS and FTIR spectra are considered valuable for heavy metal ions immobilization (Venkateswarlu & Yoon, 2015). 
2.5.3. XPS of P species of LR, LR-HCs, and LR-APs 
The P peak was assessed as being made of two peaks from orthophosphate (ortho-P, (PO43−)) combined with pyrophosphate (pyro-P, (P2O74−)), and P connected to aromatic rings of organics (Ar-P) as P species. The ortho-P/pyro-P is less stable compared to Ar-P (Qian et al., 2014). Deconvolution results of LR show 28 % ortho-P/pyro-P, and 72 % Ar-P species. XPS investigation reveals the transformation of Ar-P into ortho-P/pyro-P in LR-HCs during HTC (Fig. 2. (c)). The peak intensity of ortho-P/pyro-P was increased abruptly with HTC temperature increase from 200 to 250 °C and then comparatively decreased with a temperature rise of 300 °C. Highest ortho-P/pyro-P (78 %), and lowest Ar-P (around 22 %) can be seen for LR-HC-250 among LR-HCs. Higher ortho-P/pyro-P in LR-HC-250 will be better for heavy metal removal. Deconvolution results of LR-AP show a moderate level of P species made up of 61.4 % ortho-P/pyro-P, and 38.5 % Ar-P. LR-APs show a decreasing trend for ortho-P/pyro-P peak area as LR-AP-300 < LR-AP-250 < LR-AP-200 and increasing for Ar-P peak area as LR-AP-300 > LR-AP-250 > LR-AP-200 (Fig. 2. (d)). The lowest ortho-P/pyro-P (22 %) content and the highest Ar-P (78%) content were contained in LR-AP-300. The proportion of P species in XPS spectra is shown in Table S3.
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[bookmark: _Hlk28965633][bookmark: _Hlk28965320]Fig. 2. XPS spectra of LR, LR-HCs and LR-APs; (a, b) N species (N1= Pyridinic-N; N2= Amine-N; N3= Protein-N; N4= Pyrrolic-N; N5= Quaternary-N) and (c, d) P species (P1= ortho-P/pyro-P; P2= Ar-P)
2.5.4. [bookmark: _Hlk9434973]P-extraction of LR, LR-HCs, and LR-APs	
Phosphorus-containing compounds play a role for Pb (II) immobilization so we designed the P-extraction so as to measure the P-fractions in LR samples (Fig. 3). Dry LR contained 15 % P-NaHCO3, 32 % P–NaOH, 29 % P-HCl, along with 23 % P-residue during the extraction process (Table S4). Fractions P-NaHCO3 and P–NaOH decrease, and P-HCl and P-residue increase in LR-HCs with HTC temperature. P fractions for LR-HC-200 were 5 % P-NaHCO3, 7 % P–NaOH, 45 % P-HCl and 43 % P-residue although P-NaHCO3 and P–NaOH disappeared completely for LR-HC-300. Only P-HCl 33 % and P-residue 67 % could be seen for LR-HC-300. We believed that the high temperature of HTC changed the P species from labile to stable ones. LR-APs mostly contain P-HCl and P-residue. LR-AP contains P-NaOH, P-HCl, and P-residue in the relative amounts 2, 37 and 61%, respectively. LR-APs did not show a P-NaOH fraction, while a minute amount of 2% P-NaHCO3 could be seen for LR-AP-200 and 1% for LR-AP-250 but not for LR-AP-300. The fraction P-HCl for LR-AP-200, -250 and -300 is 51, 49 and 31%, respectively, and the P-residue of those samples is 46, 50 and 69%, respectively. Higher P-HCl was related to higher Ca contents (weddellite, whewellite, and calcite) found in XRD spectra. Higher P-residue might also be possible due to a higher stable Ar-P amount found in XPS spectra. 
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Fig. 3. The proportion of P species of LR, LR-HCs, and LR-APs
2.6. Immobilization performances 
2.6.1. [bookmark: _Hlk31854232]Isotherm models for Pb (II) immobilization
[bookmark: _Hlk31797263][bookmark: _Hlk16512912][bookmark: _Hlk25249451][bookmark: _Hlk19030713]Langmuir and Freundlich isotherms are often used for the evaluation of monolayer sorption on homogenous and non-identical sorption on heterogeneous active sites, respectively (Tofighy & Mohammadi, 2011). In this investigation, the Freundlich isotherm provides comparatively suitable results (Table 2), and the graphical explanations of LR, LR-HC-250, and LR-AP-250 are shown in Fig. 4. (a). All samples show a higher correlation coefficient R2 (above 0.98) except LR-AP and LR-HC-300. The results show that direct pyrolysis of dry LR enhanced the Pb (II) immobilization, but experimental results could not be matched well with isotherm models. Consecutive HTC and pyrolysis improved the immobilization of Pb (II) ions along with the best acceptable fit of data with the Freundlich isotherm. In addition, Fig. S4 describes the effect of initial concentration on the immobilization of Pb (II) onto LR, LR-HCs, and LR-APs. LR-HCs and LR-APs display better Pb (II) removal performance than dry LR, while LR-HC-300 exhibited an unusual trend among all LR samples. Different trends in the XRD spectra show that HTC at 300 °C causes saturation of active sites on LR-HC-300 and, in response, less availability of active sites for Pb (II) ions. All LR samples show high Freundlich constent Kf value, in addition, LR-APs with the highest ones. Values of n below one for all samples except LR-HC-300 describe the feasibility of Freundlich isotherm for all LR samples. It can be determined that on a surface, physical and chemical immobilization could happen simultaneously as ions immobilize on upper layers physically while those of on underlying layers are immobilized chemically (El-Araby et al., 2017). So as to check the credibility of LR samples, a comparative analysis of different adsorbents for the Pb (II) removal from aqueous solution is shown in Table S5. 
Table 2. Freundlich isotherm model parameters for LR, LR-HCs, and LR-APs
	Sample
	Kf (mg1-n Ln g-1)
	n
	R2

	LR
	3.65
	0.99
	0.980

	LR-HC-200
	4.60
	0.95
	0.991

	LR-HC-250
	3.21
	0.84
	0.990

	LR-HC-300
	12.4
	-2.41
	0.504

	LR-AP
	29.2
	0.68
	0.755

	LR-AP-200
	713
	0.44
	0.983

	LR-AP-250
	977
	0.40
	0.991

	LR-AP-300
	668
	0.43
	0.985


2.6.2. Pb (II) Immobilization by LR, LR-HCs, and LR-APs
[bookmark: _Hlk31846727][bookmark: _Hlk16512255]The amount of Pb (II) immobilized was measured as a function of contact time for LR, LR-HC-250, and LR-AP-250 as representatives of dry LR, LR-HCs, and LR-APs, respectively (Fig. 4. (b)). In the beginning, LR and LR-HC-250 slowly enabled Pb (II) immobilization reaching equilibrium at 300 min. The slow and steady effect of dry LR and LR-HC-250 indicated that immobilization could be done physically with little chemical assistance. Hydroxyl and amine groups evident from the FT-IR spectra could play a part in surface immobilization. On the other end, LR-AP-250 outperformed and achieved the highest Pb (II) immobilization at more than 74.7 mg g-1 in just 60 min. The degree of mass transfer of the Pb (II) ions from aqueous solution to the active sites of LR-AP-250 shows faster Pb (II) removal. Consecutive HTC and pyrolysis treatment of LR-AP-250 are attesting the higher Pb (II) immobilization capacity. Furthermore, a higher content of ash and Ca species in LR-AP-250 were contributors to the immobilization of heavy metal ions. Zhu et al. prepared porous carbon (PC) from hydrochar through pyrolysis (300–700 °C) and stated that the PC formed at higher temperatures was well carbonized and presented higher removal efficiency for organic contaminant (Zhu et al., 2014b). For a better comparison of kinetic results, equilibrium time was adjusted to 300 min for LR and LR-HC-250 and 60 min for LR-AP-250. 
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Fig. 4. Freundlich isotherm model (a), Pb (II) immobilization as a function of contact time (b) and Kinetic models (c) of LR, LR-HC-250, and LR-AP-250
2.6.3. [bookmark: _Hlk31648942][bookmark: _Hlk25243896]Kinetic models for Pb (II) immobilization
For kinetic studies, linear forms of pseudo-1st-order and pseudo-2nd-order models were established for LR, LR-HC-250, and LR-AP-250. Results were evaluated with linear regression shown in Table 3. Interestingly, experimental LR and LR-HC-250 results have revealed relations with calculated parameters of pseudo-1st-order while LR-AP-250 followed the pseudo-2nd-order model (Fig. 4. (c)). The evaluated value of Qe shows a near match with the experimental value, and relatively higher R2 for LR and LR-HC-250 shows a kinetic fit with a pseudo-1st-order model. Thus, pseudo-1st-order model fit demonstrates that immobilization was dependent on Pb (II) solution concentration and the available active sites on LR samples in equilibrium through the reversible process (Li et al., 2015a). Our previous study also stated that antibiotic residue derived hydrochars produced from microwave-assisted hydrothermal liquefaction applied for Pb2+ removal showed good agreement with a pseudo-1st-order model (Ahmad et al., 2019). On the contrary, LR-AP-250 that displays similar experimental and evaluated Qe with perfect correlation coefficient (R2 = 1) is best fitted to a pseudo-2nd-order model. A faster initial immobilization was a hint of chemisorption mechanism as it relates the exchange of valence forces or electrons between adsorbate and adsorbent (Tofighy & Mohammadi, 2011). 
Table 3. kinetic models’ parameters for LR, LR-HC-250, and LR-AP-250 
	[bookmark: _Hlk14689347]Pseudo-1st-order
	Qe (exp.)
	Qe (cal.)
	K1
	R2

	Sample
	(mg g-1)
	(mg g-1)
	(min−1)
	

	[bookmark: _Hlk19024713]LR
	44.7
	41.7
	0.0023
	0.889

	LR-HC-250
	53.8
	54.1
	0.0036
	0.979

	Pseudo-2nd-order
	Qe (exp.)
	Qe (cal.)
	K2
	R2

	Sample
	(mg g-1)
	(mg g-1)
	(g mg-1 min-1)
	

	LR-AP-250
	[bookmark: _Hlk14788111]74.7
	74.6
	0.037
	1.00


3. [bookmark: _Hlk32159416][bookmark: _Hlk32159498]Pb (II) post immobilization mechanism of LR, LR-HCs, and LR-APs 
[bookmark: _Hlk32159219][bookmark: _Hlk31648377]XRD analysis was used to analyze Pb (II) immobilization mechanisms on LR samples. LR and LR-HCs were assigned with PbC2O4 peaks (Fig. 5. (a)). Dry LR and LR-HC-300 contained few PbC2O4 peaks. Most of the PbC2O4 peaks were found in LR-HC-200 and LR-HC-250. Thus, PbC2O4 peaks in LR-HC-200 and LR-HC-250 have seen at a 2θ of 18.5, 19.4, 23.5, 26.1, 26.9 and 34.7° and describing the reason of higher Pb (II) removal by LR-HC-200 and LR-HC-250. Pre and Pb (II) post immobilization XRD analysis described the ion-exchange interaction between Ca2+ and Pb2+ ions. Before immobilization, XRD spectra showed that Ca2+ was a significant part of LR samples, but Ca2+ is less intense or, somehow, missing in the Pb (II) post immobilization XRD analysis. Again, LR-HC-300 shows a different trend, in contrast to LR-HC-200 and LR-HC-250, with few peaks due to Pb (II) immobilization. This indicated that LR-HC-300 performed worst and unfavorable Pb (II) immobilization was due to compositional changes during HTC. 
[bookmark: _Hlk31816696]LR-APs show prominent peaks for PbCO3 and Pb5(PO4)3OH. LR-AP shows different peaks than other LR-APs (LR-AP-200, -250 and -300) presented in Fig. 5. (b). The highest peak of PbCO3 at a 2θ of 24.8° and that of Pb5(PO4)3OH at a 2θ of 30.1° for LR-AP. Pb5(PO4)3OH was also observed in the XRD spectra of amino-functionalized hydrochar in Pb2+ immobilization by Chen et al. (Chen et al., 2015). The intensity of peaks is affected by temperature increase. Overall, the arrangement of peaks was the same as for all LR-APs. A prominent PbCO3 peak lies at a 2θ of 24.8° with the highest intensity and Pb5(PO4)3OH at a 2θ of 31.2° for LR-AP-200, -250 and -300. 
The expected mechanism of Pb (II) ions on LR, LR-HCs and LR-APs could be explained with the help of XRD spectra in context of below mentioned double replacement equations. 
[bookmark: _Hlk31793491]2CaC2O4.H2O + Pb2+ = 2PbC2O4 + Ca2+ + 2H2O		Eq. 1.
2CaC2O4 + Pb2+ = 2PbC2O4 + Ca2+				Eq. 2.
2CaCO3 + Pb2+ = 2PbCO3 ↓+ Ca2+				Eq. 3.
2Ca5(PO4)3(OH) + 5Pb2+ = 2Pb5(PO4)3OH ↓+ 5Ca2+		Eq. 4.
[bookmark: _Hlk31793072][bookmark: _Hlk31793370][bookmark: _Hlk32502176][bookmark: _Hlk31796977][bookmark: _Hlk31793412]The substitution of metal cations (Pb2+) to Ca2+ ions present in P-materials is presumably responsible for the immobilization process, called an ion-replacement or substation (Zeng et al., 2017). Zhang et al. demonstrated that Pb2+ ions could be replaced/exchanged with Ca2+ ions in the aqueous phase (Zhang et al., 2018). Similarly, PbC2O4 and PbCO3 appeared by exchanging Pb2+ with Ca2+ of CaC2O4, and CaCO3 compounds (Eq. 1., 2., and 3.) had shown in XRD spectra (Fig. 1. and 5.). Ca5(PO4)3(OH) was formed during the aqueous phase and the exchange of Pb2+ with Ca2+ formed Pb5(PO4)3OH according to Eq. 4. Active P-OH sites on Ca5(PO4)3(OH) in LR samples were complementary in the immobilizing of Pb (II) ions. Higher Ca2+ content shown in XRD spectra can also be supported by elemental analysis and P-extraction results which show higher Ca and P-HCl contents, respectively. It is elucidated from XRD results that Pb (II) adsorption reaction mechanism is mainly determined by the content of C2O42− for LR-HCs and PO43- and CO32- for LR-APs. Furthermore, surface properties (surface complexion and its coprecipitation) have an influence on Pb (II) immobilization in P-compounds (Koptsik, 2014). Moreover, versatile oxygenated and N functional groups in LR samples will be available for surface immobilization. In addition, precipitation is employed for heavy metals removal with common precipitants being OH-, CO32- and S2- and metals precipitated as hydroxide, carbonates, and sulfide, respectively (Eckenfelder, 1989). In the above mechanism, PbCO3 and Pb5(PO4)3OH precipitates were a probable reason for higher Pb (II) removal using LR-APs. For better process outcomes, the pH of samples was kept 5 - 6. LR-APs show higher ash contents, as mentioned in Table 1. The higher ash content in samples is considered helpful in metals immobilization through precipitation response (Rawal et al., 2016). 
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[bookmark: _Hlk19024449]Fig. 5. XRD spectra of Pb (II) post immobilized LR, LR-HCs (a) and LR-APs (b)
[bookmark: _Hlk31794383][bookmark: _Hlk31794631]The full-spectrum XPS analysis of LR, LR-HC-250, and LR-AP-250 after Pb (II) immobilization is displayed in Fig. S5. (a). Pb 4f peaks are clearly seen in all three samples; the absolute peak of Pb 4f of LR-AP-250 proves the higher immobilization rate of this sample for Pb (II) removal. Peaks of P 2p and N1s were also being transformed during the immobilization process and post Pb (II) immobilized peaks were more distinct. For a better understanding of Pb (II) immobilization, the deconvolution of Pb spectra was further interpreted as Pb 4f7/2 and Pb 4f5/2 (Yu et al., 2016). The highest intensity of Pb 4f7/2 and Pb 4f5/2 was obtained for LR-AP-250. LR and LR-HC-250 had shown the relatively lesser strength of Pb 4f peaks in comparison to LR-AP-250 (Fig. S5. (b)). Higher intensity of independent Pb 4f7/2 and Pb 4f5/2 peaks was proven for higher immobilization of Pb (II) ions on LR-AP-250. Results attained from XRD, and XPS spectra suggest that Pb (II) immobilization on LR samples was attributable to the ion-exchange/substitution mechanism for LR and LR-HC-250 and also included precipitation mechanism for LR-AP-250. Moreover, control of van der Waals forces for moderate surface energy might cause a higher Pb (II) removal (Wang et al., 2018c). Surface immobilization could also be considered owing to the presence of hydroxyl, amine and other surface functional groups on LR samples (Fig. 1. and 2.). Higher N content in LR may take part in surface immobilization mechanism. It can be stated that P species took part in ion-exchange and precipitation mechanism and probably N species in surface immobilization. Thus, it is shown that consecutive treatment of LR samples via HTC and pyrolysis leads to improved heavy metals immobilization from aqueous solutions. In future research, these LR samples could be utilized for other heavy metals removal from aqueous solutions. 
4. Conclusion: 
[bookmark: _GoBack][bookmark: _Hlk31800425]In this study, the effective utilization of lincomycin residues was demonstrated. LR-HCs were obtained from HTC and LR-APs by consecutive HTC and pyrolysis treatment and showed the interesting transformation of P and N species in LR samples. Characteristic techniques proved that P and N transformed during HTC and pyrolysis. Immobilization of Pb (II) ions was studied using synthesized LR samples. Immobilization results corresponded with standard kinetic (pseudo-1st-order and pseudo-2nd-order) and isotherm (Freundlich) models. Generally, LR-APs show the highest immobilization capacity due to higher P species possession. Immobilization mechanism studies show that that P species took part in ion-exchange and precipitation mechanisms and probably N species in surface immobilization. So it concluded that consecutive treatment of LR with HTC and pyrolysis has an advantageous effect on Pb (II) removal from solutions, and P and N transformation contribute to Pb (II) immobilization. 
Abbreviation and nomenclature 
LR = Lincomycin residue 
LR-HCs = LR derived hydrochar samples
LR-APs = LR activated pyrolyzed samples
LR-HC-200 = LR derived hydrochar obtained via HTC at 200 °C temperature 
LR-HC-250 = LR derived hydrochar obtained via HTC at 250 °C temperature
LR-HC-300 = LR derived hydrochar obtained via HTC at 300 °C temperature
LR-AP = LR activated pyrolyzed sample obtained from pyrolysis of dry LR 
LR-AP-200 = LR activated pyrolyzed sample obtained from pyrolysis of LR-HC-200
LR-AP-250 = LR activated pyrolyzed sample obtained from pyrolysis of LR-HC-250
LR-AP-300 = LR activated pyrolyzed sample obtained from pyrolysis of LR-HC-300
XRD = Powder X-ray diﬀraction 
FT-IR = Fourier transform-infrared spectroscopy 
XPS = X-ray photoelectron spectroscopy 
TG/DTG = Thermogravimetry/derivative thermogravimetry 
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