Investigating the potential of synthetic humic-like acid to remove metal ions from contaminated water
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Abstract

Humic acid can effectively bind metals and is a promising adsorbent for remediation technologies. Our studies initially focussed on Cu2+ as a common aqueous contaminant. Previous studies indicate that carboxylic groups dominate Cu2+ binding to humic acid. We prepared a synthetic humic-like acid (SHLA) with a high COOH content using catechol (0.25M) and glycine (0.25M) with a MnO2 catalyst (2.5% w/v) at pH = 8 and 25 (C and investigated the adsorption behaviour of Cu2+ onto it. The SHLA exhibited a range of adsorption efficiencies (27% - 99%) for Cu2+ depending on reaction conditions. A pseudo-second-order kinetic model provided the best fit to the experimental data (R2 = 0.9995-0.9999, p < 0.0001), indicating that chemisorption was most likely the rate-limiting step for adsorption. The equilibrium adsorption data showed good fits to both the Langmuir (R2 = 0.9928 – 0.9982, p < 0.0001) and Freundlich (R2 = 0.9497 – 0.9667, p < 0.0001) models. The maximum adsorption capacity (qm) of SHLA increased from 46.44 mg/g to 58.78 mg/g with increasing temperature from 25 (C to 45 (C. Thermodynamic parameters (ΔG0=2.50-3.69 kJ/mol; ΔS0=0.06 kJ/(mol·K); ΔH0=15.23 kJ/mol) and values of RL (0.0142-0.3711) and n (3.264-3.527) show that the adsorption of Cu2+ onto SHLA was favourable, spontaneous and endothermic in nature. Over six adsorption/desorption cycles using 0.5M HCl for the desorption phase, there was a 10% decrease of the adsorption capacity. A final experiment using a multi-metal solution indicated adsorption efficiencies of up to 84.3-98.3% for Cu, 86.6-98.8% for Pb, 30.4-82.9% for Cr, 13.8-77.4% for Ni, 9.2-62.3% for Cd, 8.6-51.9% for Zn and 4.6-42.1% for Co. Overall, SHLA shows great potential as an adsorbent to remove metals from water and wastewater.
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1. Introduction
Water contamination caused by metals (e.g., copper, cadmium, lead, zinc, chromium, and nickel) is a serious environmental and health issue worldwide (Gupta et al., 2016; Kavcar et al., 2009; Machado et al., 2017; Saha et al., 2017; Zhang et al., 2017). Metals can be of great concern because at elevated concentrations they can be extremely toxic, non-biodegradable and tend to accumulate in living organisms (Rezania et al., 2016; Zou et al., 2016). Thus, it is essential to remove excessive concentrations of metals from water and wastewater for human health and ecological stability. Significant industrial sources of copper release into the environment include metal cleaning, electroplating, smelting, mining, the paper industry, batteries and pesticides (Al-Qodah and Al-Shannag, 2017; Awual et al., 2013; Gupta, 1998). Excessive intake of copper can cause serious toxicological concerns, such as gastrointestinal problems, cystic fibrosis, kidney damage, neurotoxicity, cramps, hair loss, anaemia, hypoglycemia, and even death (Al-Qodah and Al-Shannag, 2017; Fu and Wang, 2011; Ihsanullah et al., 2016). The maximum permissible concentrations of Cu in drinking water as defined by the EPA, WHO and EEA are 1.3mg/L, 1.5mg/L and 2 mg/L, respectively (EPA, 2009; EU, 1998; WHO, 2004). 
Various methods to remove metals from water have been investigated in the past decades, including chemical precipitation, adsorption, ion exchange, membrane filtration, phytoremediation, electrodialysis, photocatalysis and flotation (Mahmud et al., 2016; Rezania et al., 2016). Of these, adsorption is regarded as one of the most simple, cost-effective and efficient (Gupta et al., 2016; Gupta and Saleh, 2013). As the adsorbent is the key to adsorption techniques, many organic and inorganic adsorbents have been studied, such as active carbon, nanosized metal oxides, carbon nanotubes, clay minerals, biochar and polymers (e.g. chintin/chitosan based materials and humic acid based materials) (Adebisi et al., 2017; Ahmaruzzaman and Gupta, 2011; Anastopoulos et al., 2017; Côa et al., 2017; Gupta and Nayak, 2012; Ihsanullah et al., 2016; Inyang et al., 2016; Li et al., 2010; Mahdavi, 2016; Saleh and Gupta, 2012; Tang et al., 2014; Uddin, 2017; Zhang et al., 2016). 
Humic acid (HA) is a natural biopolymer and major component of humic substances (Stevenson, 1994). Due to the abundant oxygen-containing functional groups present in HA (e.g., including carboxyl, phenol, hydroxyl, amine, and enol), humic acid can effectively bind several metals (Perminova and Hatfield, 2005). Recently, humic acid and humic acid-based materials have been considered as a promising adsorbent and have attracted increasing attention (Arslan et al., 2007; Jin et al., 2016; Lin et al., 2011; Yang et al., 2015). The majority of humic acids used in these studies are natural humic acids extracted from soil, lignite or sediment (Arslan et al., 2007; He et al., 2016; Unuabonah et al., 2016; Yang et al., 2015). However, humic acid can also be synthesized by abiotic humification processes, that is the transformation of humic precursors (e.g., amino acids, sugars, and quinones) to humic substances catalyzed by materials containing metallic oxide (e.g., MnO2, Fe2O3, and Al2O3). Humic acid synthesized by abiotic humification is called synthetic humic-like acid (SHLA) (Fukushima et al., 2009; Hardie et al., 2009; Qi et al., 2012(a); Qi et al., 2012(b); Zhang et al., 2017; Zhang et al., 2015). Compared with natural humic acid, the advantage of synthetic humic-like acid is that the structural characteristics of SHLA can be manipulated by changing the reaction conditions of the abiotic humification process, such as the species of catalyst and the ratio of precursors (Fukuchi et al., 2012; Jokic et al., 2004; Zhang et al., 2015). Therefore, abiotic humification processes can provide a potential and promising way to synthesize humic acids with better metal sorption ability than their naturally occurring counterparts and the novelty of our study lies in its investigation of a SHLA that has been synthesized to optimize its adsorption capacity.
The aims of the experiments reported here were to determine the adsorption efficiency and adsorption kinetics, together with isotherm fits and thermodynamics for adsorption of Cu2+ by an optimized SHLA under a range of conditions, to determine how re-usable the material was via a series of adsorption/desorption cycles and to investigate whether a SHLA optimized for Cu2+ would also efficiently remove metals from solutions containing a mixture of metals. 
2. Materials and methods

2.1 Materials

Catechol (C6H6O2, >99% purity), glycine (C2H5NO2, >99% purity), glucose (C6H12O6, >99% purity), thimerosal (C9H9HgNaO2S, >97% purity), manganese oxide (MnO2, >99% purity), and copper nitrate trihydrate (Cu(NO3)2·3H2O, >99% purity) were purchased from Sigma-Aldrich. Sodium phosphate dibasic dihydrate (Na2HPO4·2H2O, >99% purity), sodium phosphate monobasic dihydrate (NaH2PO4·H2O, >99% purity) and sodium nitrate (NaNO3, >99% purity) were purchased from ACROS Organics. Calcium chloride (CaCl2, >99% purity) was purchased from Fisher Chemical. Multi-element standard solution IV (1000 mg/L) was purchased from MERCK. Ultra-pure water was prepared using a PURELAB Classic ultra-pure system (ELGA, UK) from deionized water. 

2.2 Preparation of optimal synthetic humic-like acid

Previous studies indicate that carboxylic groups dominate Cu2+ binding to humic acid (Gondar et al., 2006; Xu et al., 2016; Yang et al., 2015). In preliminary work for this study, SHLAs were synthesized at different temperatures (25 ℃ - 45 ℃), pH (6 - 8), and with varying precursor species (glycine, catechol and glucose), initial precursor concentrations (0.25M:0.25M - 1M:1M) and mass of MnO2 catalyst (1.3% 2.5%) (Table S1). Based on these initial experiments we synthesized a SHLA (SHLA 12 in Table S1) with an optimised high COOH content from a pH 8, 0.25M glycine: 0.25M catechol mixture at 25 (C with 2.5 wt% MnO2 as a catalyst.

To ensure that the humification was abiotic, sterile conditions were maintained throughout the experiments. All glassware and pure water were autoclaved (121 °C for 27 minutes, 0.12 MPa) prior to use. An 1000-mL aliquot of autoclaved phosphate buffer (pH 8, 0.2 M Na2HPO4 / NaH2PO4 autoclaved at 121 °C for 27 minutes, 0.12 MPa) containing 0.02% (w/v) thimerosal (to ensure sterility) was placed in a 3L beaker, to which 25.00 g of MnO2 was added. 27.53 g of powdered catechol and 18.77g of glycine to give 0.25M concentrations of each were added to the suspensions. The mixture was shaken in the dark at 25 °C for 240 h. After incubation, SHLA was extracted and purified using the standard method recommended by the International Humic Substances Society (IHSS) (Swift, 1996). Details of the extraction and purification process are given in the Supplementary materials. When synthesizing materials for environmental deployment, the toxicity of the reagents and products should be considered. The extraction process used to isolate the SHLA results in the isolation of pure SHLA; an attraction of the use of SHLAs in environmental applications is that humic acids and SHLAs occur naturally in the environment and therefore represent less of a risk to the environment than some other materials such as nanoparticles. The reagents used to synthesize the SHLA have low toxicities (see Material safety data sheets such as: (Sigma-Aldrich, 2014; Sigma-Aldrich, 2015; Sigma-Aldrich, 2017(a); Sigma-Aldrich, 2017(b)). Whilst thimerosal is highly toxic in concentrated form (Sigma-Aldrich, 2013), the dose used in this study was just 0.02% (w/v), concentrations higher than this (0.001 - 0.1%) are routinely used in human medical applications (National, 2001; Veen and Joost, 1994). Thimerosal was used in this study to maintain sterile conditions as we wished to be certain that our SHLA was produced by abiotic processes. However, to reduce environmental risks we would anticipate that in the commercial production of SHLA for use as a remedial agent, thimerosal would not be used; sterility would be established by autoclaving.
2.3 Characterization of the synthetic humic-like acid

The elemental composition (C, H, N) of the SHLAs was determined using a vario MICRO cube type elemental analyzer (Elementary, Germany). Total acidity and carboxylic group content were measured using the Ba(OH)2 and Ca(CH3COO)2 titration methods, respectively (Stevenson, 1994). The phenolic-OH content was calculated by subtracting the carboxylic group content from total acidity. The UV spectra of the SHLAs were determined using a Lambda 25 UV/Vis Spectrophotometer (PerkinElmer, USA). Absorbance at 465 and 665 nm was recorded on solutions of 20 mg of each HA dissolved in 100 mL of 0.05 M NaHCO3, with the pH adjusted to 8 with NaOH and HCl. The E4/E6 ratio was calculated as the ratio of the absorbances at 465 and 665 nm (Chen et al., 1977). FTIR spectra of the SHLAs were obtained using an Alpha FT-IR Spectrometer (Bruker, Germany). Spectra were recorded from 4000 to 400 cm-1 with a resolution of 4 cm-1. For each spectrum, 24 scans were averaged to reduce noise.

2.4 Adsorption kinetics and removal efficiency

The effects of temperature, pH, initial Cu2+ concentration and SHLA dose on Cu2+ adsorption kinetics and removal efficiency were investigated via a series of adsorption experiments. All the experiments used 200 mL of Cu(NO3)2 solution in a background electrolyte of 0.1 M NaNO3. Initial solution pH was adjusted by additions of either NaOH or HNO3. The experiments at different pH were conducted at 25 °C and used initial concentrations of 10 mg/L Cu2+ and 1 g/L SHLA. The initial pH in solution was set to 1, 2, 3, 4, 5, 6, 7 and 8. The experiments at different temperatures were conducted at a pH of 5 and initial concentrations of Cu2+ of 50 mg/L and 1 g/L of SHLA. The initial temperature of the solutions was set to 25 °C, 35 °C and 45 °C. The experiments at different initial Cu2+ concentrations, were conducted at pH 5 and had initial Cu2+ concentrations of 10, 20, 50, 100 and 150 mg/L and 1 g/L of SHLA at 25 °C. The experiments that investigated SHLA doses used concentrations of SHLA of 0.5 g/L, 1 g/L and 2 g/L at an initial Cu2+ concentration of 50 mg/L at pH 5 and a temperature of 25 °C. The dissolution of SHLA was assessed by measuring the dissolved organic carbon (DOC) after 24 hours and back-calculating the mass of dissolved SHLA on the basis of the determined SHLA C content. Dissolution ranged from 1.65% to 1.93% in this study, indicating that the SHLA is stable in aqueous solution. Visual MINTEQ 3.0 (KTH, Sweden) was used to confirm that Cu2+ would not precipitate under these experimental conditions.
For each experiment, a sample of 2 mL was taken by pipette at 1, 3, 5, 10, 15, 20, 30, 60, 90, 120, 180, 240 and 1440 (24h, for removal efficiency calculation) minutes, filtered using a 0.45μM nylon syringe filter (Gilson, UK) and diluted in 5% HNO3. The Cu2+ concentration was determined by inductively coupled plasma - optical emission spectroscopy (ICP-OES) (iCAP 7000, Thermo Scientific, USA). Copper recovery after filtration with the nylon syringe filter ranged from 98.5% to 101.9%, and thus Cu adsorption by the nylon syringes filter can be ignored. All the experiments were performed in triplicate. In the results, all calculated values (see below) are quoted as mean values ± standard deviations. Equilibrium time for each adsorption experiment was determined as the time when consecutive concentration measurements showed no significant difference and the time when the concentration showed no significant difference to that at 24 hours by Kruskal-Wallis test using SPSS 23.0 (IBM, USA).
The kinetic study data were fitted to pseudo-first-order (equation 1), pseudo-second-order (equation 2), intraparticle diffusion (equation 3) and Elovich (equation 4) models.
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where qe and qt are the concentrations of Cu2+ adsorbed (mg/g) at equilibrium and time t. k1, k2 are the rate constants of pseudo-first-order and pseudo-second-order adsorption. kid (mg/(g·min0.5)) is the intra-particle diffusion rate constant and C (mg/g) is the constant which is proportional to the boundary layer thickness. a (mg/(g·min)) is the initial sorption rate and b (g/mg) is the desorption constant.

The removal efficiency of Cu2+ was calculated as:
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where C0 and Ce (mg/L) are the initial and equilibrium concentrations of Cu2+ in solution.
The adsorption capacity of Cu2+ was calculated as:
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where qe (mg/g) is the equilibrium adsorption capacity; V(L) is the volume of aqueous solution containing Cu2+; and M(g) is the weight of the adsorbent.

2.5 Adsorption curves study
Adsorption curves were studied at three different temperatures. In detail, 30.0 mg of SHLA was shaken at pH 5 for 24 h with 30.0 mL of Cu(NO3)2 solution at 8 different initial concentrations (5, 10, 20, 50, 75, 100, 125 and 150 mg/L) at 25 °C, 35 °C and 45 °C. The background electrolyte was 0.1 M NaNO3. Solution compositions were modelled using Visual MINTEQ 3.0 (KTH, Sweden) to confirm that Cu2+ would not precipitate from solution.
All solutions were shaken orbitally for 24 hours at 250 rpm. Then, the mixtures were separated by centrifugation at 4500 rpm for 20 min. The supernatant was filtered using a 0.45μM nylon syringe filter (Gilson, UK) and diluted in 5% HNO3. The copper concentrations in the supernatants were determined by ICP-OES. All the experiments were performed in triplicate. In the results, all calculated values (see below) are quoted as mean values ± standard deviations.
The data were fitted to the Langmuir (equation 7), Freundlich (equation 8) and bi-Langmuir (equation 9) models: 
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where qm (mg/g) is the maximum adsorption capacity when an adsorbent is fully covered, and KL (L/mg) is the Langmuir adsorption constant which relates to the adsorption energy.


[image: image8.wmf]1

ln()ln()ln()  (8)

efe

qKC

n

=+


where Kf (mg/g(L/mg)1/n) is the Freundlich isotherm constant and n (dimensionless) is the heterogeneity factor.
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where qm,1 (mg/g) and qm,2 (mg/g) are the adsorption capacity of Cu2+ on sorption site 1 and site 2, respectively; kL,1 (L/mg) and kL,2 (L/mg) are the adsorption affinity constants on sorption site 1 and site 2.
2.6 Adsorption thermodynamic study

Data from the adsorption studies conducted for 24 hours at 25℃, 35℃ and 45℃ with initial Cu2+ and SHLA concentrations of 50 mg/L and 1g/L and a pH of 5 were used to determine the thermodynamics of adsorption. The thermodynamic parameters (free energy change (ΔG(), the entropy change (ΔS() and enthalpy change (ΔH() were calculated following the method of (Li et al., 2015).
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where R (8.314 J/(mol·K) is the ideal gas constant, T (K) is the absolute temperature, and Kc is the thermodynamic equilibrium constant.

2.7 Desorption and reusability study

The use of sorbents to remove metals from solution is likely to be more economically feasible if the sorbent can be re-used (Venkateswarlu and Yoon, 2015; Zhang et al., 2016). Therefore, we investigated the desorption of Cu2+ from our SHLA and its reuse. In initial experiments, desorption of Cu2+ in solutions of HCl (0.1 M, 0.5M), HNO3 (0.1 M), Na2EDTA (0.1 M) and CH3COONH4 (0.1 M) were investigated. On the basis of these results (Figure S1), 0.5M HCl was selected for further investigation as a desorbing agent. 35.0 mg of SHLA was shaken at pH 5 for 4 h with 35.0 mL of 50 mg/L Cu(NO3)2 solution at 25 °C and background electrolyte of 0.1M NaNO3. The Cu loaded SHLA was centrifuged for 20 minutes at 4500 rpm and the supernatant decanted, filtered and analysed for Cu by ICP-OES. Adsorption of Cu2+ to the SHLA was calculated. 35 mL of 0.5 M HCl solution was added to the centrifuge tube which was shaken on an orbital shaker at 25 °C for 4 h. The suspension was again centrifuged for 20 minutes at 4500 rpm and the supernatant decanted for Cu analysis by ICP-OES. Desorption of Cu2+ from the Cu2+ loaded SHLA was calculated. 35 mL of fresh 50 mg/L Cu(NO3)2 was added and the adsorption-desorption process was repeated five times.

2.8
Adsorption of metals from a mixed metal solution

Multi-metal solutions containing Cu, Pb, Cr, Ni, Cd, Zn and Co, were prepared at 3 different initial concentrations (1 mg/L, 10 mg/L, and 50 mg/L) by diluting a multi-element standard solution (MERCK ICP multi-element standard solution IV, USA; the concentration of each metal is 1000 mg/L). 30.0 mg of SHLA was shaken at pH 5 for 24 h with 30.0 mL of the multi-metal solution at 25 °C. The mixtures were centrifuged at 4500 rpm for 20 minutes; the supernatant was filtered and diluted in 5% HNO3 and analysed for metals by ICP-OES. All the experiments were performed in triplicate. 
3. Results and discussions

3.1 Preparation and characterization of optimal synthetic humic-like acid
Following the preliminary optimization process, a SHLA (SHLA 12) was synthesized as described above. Table 1 lists elemental composition, acidic functional group content and E4/E6 of SHLA 12. SHLA 12 had a higher COOH content (5.03 mmol/g) than the SHLAs synthesized in the preliminary work (3.64 - 4.81 mmol/g, see Table S2 in the supplementary material). The yield of SHLA 12 was 73.3%.
Table 1. Elemental composition, acidic functional groups content and E4/E6 of SHLA 12

	Sample
	N/%
	C/%
	H/%
	O/%
	C/N
	C/H
	O/C
	COOH (mmol/g)
	Phenolic-OH

 (mmol/g)
	Total acidity 

(mmol/g)
	E4/E6

	SHLA 12  
	5.14 
	47.68 
	2.96 
	44.23 
	9.28 
	16.13 
	0.928
	5.03 
	6.55 
	11.58 
	3.20


Figure 1 shows the FTIR spectra of glycine, catechol and SHLA 12 before and after adsorption of Cu2+(at initial Cu2+ of 100 mg/L, HA dose =1 g/L, pH=5, T=25 ℃ and NaNO3=0.1M). The FTIR spectra of SHLA 12 shows clear differences from those of the unpolymerized catechol and glycine. Peak assignments are given in Table S3 in the supplementary material. The SHLA spectra are very similar to previously reported FTIR spectra of SHLA (Chen et al., 2010; Jokic et al., 2004). After reacting with the Cu2+, the 1717 cm-1 peak present in the SHLA 12 spectra almost disappeared due to the formation of a coordinate bond between COOH and Cu2+, indicating the importance of the carboxylic groups as binding sites for Cu2+ (Boyd et al., 1981). 
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Figure 1. FTIR spectra of glycine (a), catechol (a), SHLA 12 before (SHLA, (b)) and after (SHLA-Cu, (b)) adsorption of Cu2+. The red dotted line shows the change of peak at 1717 cm-1 due to the formation of a coordinate bond between COOH and Cu2+.
3.2 Adsorption kinetics and efficiency

Figure 2 shows adsorption kinetics and adsorption efficiency of Cu2+ on SHLA at different pH, temperatures, initial Cu2+ concentrations and SHLA doses. In general, the adsorption of Cu2+ increased rapidly over the first 30 minutes and then slowly increased towards an equilibrium concentration. The equilibrium time ranged from 90 to 180 minutes for the various adsorption conditions.
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Figure 2. Adsorption kinetics and adsorption efficiency of Cu2+ on SHLA at different pH (a, b), temperatures (c, d), initial Cu2+ concentrations (e, f) and SHLA doses (g, h) (mean values, n=3 ± standard deviation; where error bars appear to be missing they are too small to see).

Adsorption kinetics can be used to calculate adsorption rates and investigate both the mechanism of adsorption and rate-limiting steps (Adebisi et al., 2017; Hu et al., 2017; Xu et al., 2017). Adsorption kinetics can also be helpful for selecting optimum reaction conditions for removing metals from solution (Zhang et al., 2016). In this study, four of the most widely used models (pseudo-first-order model, pseudo-second-order model, intraparticle diffusion model and Elovich model) were used to fit the experimental data. In the pseudo-first-order model, diffusion and mass transfer of adsorbate from solution to adsorption sites is the rate-limiting step. In the pseudo-second-order model, adsorption is controlled by chemical adsorption. The Intraparticle diffusion model fits adsorption data for which intraparticle diffusion is the rate-controlling step (Macías-García et al., 2017; Xu et al., 2017; Yang et al., 2016). The Elovich model describes adsorption which does not involve displace of one moiety by another at the exchange site, i.e. no associated desorption and is considered suitable for some chemisorption processes (Adebisi et al., 2017).
Adsorption kinetics parameters for fits of the four models to our data are presented in Table 2. The correlation coefficients (R2) of the intraparticle model (0.56 – 0.86) were lower than those for the fits to the other models (0.87 – 1.00) suggesting that intraparticle diffusion was not the only rate-limiting step in the adsorption process. The kinetic data are consistent with the adsorption of Cu2+ on SHLA involving three individual stages (Figure S2, Table S4): 1) rapid adsorption due to external surface adsorption and boundary layer diffusion; 2) a gradual adsorption due to intraparticle diffusion; 3) a final equilibrium stage (Li et al., 2010; Lin et al., 2011; Macías-García et al., 2017; Yang et al., 2016). For the pseudo-first-order model, the calculated values of qe were much lower than those measured after 24 hours in all the experiments, whereas there was good agreement between calculated and measured values for qe for fits to the pseudo-second-order model. Also, the R2 values of fits to the pseudo-second-order model were all higher than those for the pseudo-first-order model fits. Thus, the pseudo-second-order model appears to be more appropriate for modelling the adsorption processes, indicating that chemisorption was the most probable rate-limiting step for adsorption of Cu2+ on SHLA (Inyang et al., 2016; Venkateswarlu and Yoon, 2015; Xu et al., 2017). The chemical bonding might be mainly coordinate bond between COOH and Cu2+ through surface complexation, and salicylate-like ring structures might be formed by an aromatic COOH and adjoining phenolic-OH or two adjoining aromatic COOH (Yang et al., 2016; Yang and Hodson, 2018)
The impacts of pH, temperature, initial Cu2+ concentration and SHLA dose on adsorption efficiency, qe and k2, the rate constant for pseudo-second order adsorption are detailed below. Adsorption efficiency and qe increased rapidly from pH 1 to 3, and then gradually from pH 3 to 8 (Figure 2b). At lower pH, some functional groups like carboxylic groups (pKa: 3-5) in SHLA may be protonated which would lead to a positive charge on the SHLA and electrostatic repulsion between the Cu2+ and SHLA (Hamdaoui, 2017; Vidali et al., 2011; Zhang et al., 2016). Also, H+ concentration is higher at lower pH and will compete for binding sites with Cu2+ (Tan et al., 2015). pH impacted adsorption efficiency and kinetics in the same way. The fitted values of k2  also increased with pH, from 6.84×10-2 g/(mg·min) to 8.72.×10-2 g/(mg·min) The decrease at high pH may be because of competition between OH- and SHLA for Cu2+ (Lan et al., 2013). 

Table 2. Adsorption kinetics parameters for pseudo-first-order, pseudo-second-order, intraparticle diffusion and Elovich models (modelled values ± standard deviation).
	Adsorption conditions
	Qe,exp
(mg/g)
	Pseudo-first-order
	Pseudo-second-order
	Elovich model
	Intraparticle diffusion

	
	
	Qe,cal
(mg/g)
	k1

(1/min)
	R2
	Qe,cal
(mg/g)
	k2
(g/(mg·min))
	R2
	a

(mg/(g·min))
	b (g/mg)
	R2
	Kid
(mg/(g·min0.5))
	C

(mg/g)
	R2

	pH
	4
	9.79

(0.00
	1.78

(0.30
	2.51×10-2
(0.25×10-2
	0.9188
	9.74

(0.01
	6.84×10-2
(0.57×10-2
	0.9999
	9.85×103

(3.62×103
	1.48

(0.14
	0.9064
	0.202

(0.049
	7.31

(0.39
	0.6298

	
	5
	9.78

(0.00
	1.85

(0.31
	2.48×10-2
(0.24×10-2
	0.9192
	9.72

(0.01
	6.48×10-2

(0.55×10-2
	0.9999
	6.65×103

(2.22×103
	1.44

(0.13
	0.9120
	0.208

(0.049
	7.21

(0.40
	0.6386

	
	6
	9.88

(0.00
	1.77

(0.31
	2.58×10-2

(0.26×10-2
	0.9151
	9.83

(0.02
	6.99×10-2

(1.28×10-2
	0.9999
	7.51×103

(2.81×103
	1.43

(0.15
	0.8878
	0.207

(0.054
	7.37

(0.43
	0.6008

	
	7
	9.79

(0.01
	1.25

(0.22
	2.45×10-2

(0.27×10-2
	0.9074
	9.74

(0.01
	9.73×10-2

(0.93×10-2
	0.9999
	2.02×106

(1.40×106
	2.06

(0.24
	0.8726
	0.137

(0.041
	8.10

(0.34
	0.5631

	
	8
	9.89

(0.00
	1.34

(0.23
	2.39×10-2

(0.25×10-2
	0.9081
	9.83

(0.03
	8.72×10-2

(1.66×10-2
	0.9999
	1.08×106

(0.63×106
	1.97

(0.17
	0.9161
	0.153

(0.036
	8.01

(0.29
	0.6466

	Temperature
(℃)
	25
	37.75

(0.15
	12.68

(0.86
	2.05×10-2
(0.10×10-2
	0.9810
	36.40

(0.26
	6.73×10-3

(0.89×10-3
	0.9995
	9.49×102

(0.34×102
	0.30

(0.01
	0.9879
	1.108

(0.139
	21.94

(1.11
	0.8644

	
	35
	38.86

(0.00
	14.60

(1.05
	3.20×10-2

(0.14×10-2
	0.9846
	38.08

(0.24
	7.32×10-3

(1.02×10-3
	0.9998
	5.85×102

(0.12×102
	0.27

(0.01
	0.9763
	1.210

(0.198
	22.95

(1.59
	0.7892

	
	45
	38.67

(0.06
	14.85

(1.32
	3.96×10-2

(0.13×10-2
	0.9916
	37.88

(0.13
	9.29×10-3

(0.97×10-3
	0.9999
	8.44×102

(0.47×102
	0.28

(0.02
	0.9628
	1.122

(0.222
	23.68

(1.75
	0.7400

	Initial Cu2+ concentration

(mg/L)
	10
	9.78

(0.00
	1.85

(0.31
	2.48×10-2

(0.24×10-2
	0.9192
	9.72

(0.01
	6.48×10-2

(0.55×10-2
	0.9999
	6.65×103

(2.22×103
	1.44

(0.13
	0.9120
	0.208

(0.049
	7.21

(0.40
	0.6386

	
	50
	37.75

(0.15
	12.68

(0.86
	2.05×10-2

(0.10×10-2
	0.9810
	36.40

(0.26
	6.73×10-3

(0.89×10-3
	0.9995
	9.49×102

(0.34×102
	0.30

(0.01
	0.9879
	1.108

(0.139
	21.94

(1.11
	0.8644

	
	100
	47.83

(0.45
	19.09

(1.33
	4.26×10-2

(0.13×10-2
	0.9919
	48.54

(0.20
	7.57×10-3

(0.89×10-3
	0.9998
	1.44×103

(0.09×103
	0.22

(0.01
	0.9663
	1.430

(0.255
	30.90

(2.05
	0.7583

	SHLA dose
(g/L)
	0.5
	54.17

(0.62
	19.55

(2.29
	3.13×10-2

(0.24×10-2
	0.9544
	53.39

(0.23
	5.75×10-3

(0.62×10-3
	0.9998
	7.14×102

(0.11×102
	0.19

(0.01
	0.9685
	1.716

(0.295
	32.01

(2.37
	0.7723

	
	1
	37.75

(0.15
	12.68

(0.86
	2.05×10-2

(0.10×10-2
	0.9810
	36.40

(0.26
	6.73×10-3

(0.89×10-3
	0.9995
	9.49×102

(0.34×102
	0.30

(0.01
	0.9879
	1.108

(0.139
	21.94

(1.11
	0.8644

	
	2
	22.93

(0.03
	7.27

(0.71
	2.24×10-2

(0.14×10-2
	0.9661
	22.47

(0.10
	1.31×10-2

(0.14×10-2
	0.9998
	4.81×102

(0.17×102
	0.47

(0.02
	0.9791
	0.682

(0.114
	13.84

(0.91
	0.7822


(*p values are less than 0.01)

Adsorption efficiency and qe increased slightly from 25℃ to 45 ℃ (Figure 2d). This may be due to increased diffusion rates of the Cu2+ at the higher temperatures enhancing the transport of Cu2+ from the bulk solution to adsorption sites (Li et al., 2010) The impact of temperature on k2 is similar to adsorption efficiency. The fitted values of k2 also increased with temperature, from 6.73×10-3 g/(mg·min) to 9.29×10-3 g/(mg·min).
The qe increased with increasing initial Cu2+ concentration, while adsorption efficiency and k2 values decreased (Figure 2f, Table 2). The decrease in adsorption efficiency is due to the saturation of adsorption sites (Hamdaoui, 2017). 
The qe decreased from 54.17 ( 0.62 mg/g to 22.93 ( 0.03 mg/g when the SHLA dose was increased from 0.5 g/L to 2 g/L, but adsorption efficiency and k2 values increased. This is because increasing the dose of the adsorbent increases the available adsorption sites, which results in higher metal removal efficiency but at the same time reduces the adsorption per unit mass of adsorbent (Li et al., 2015).
3.3 Adsorption curves
The adsorption curves of Cu2+and SHLA at 25 (C, 35 (C and 45 (C resemble classic L-shaped isotherms indicating an excess of adsorption sites at low solution concentrations such that adsorption can be limited by the transfer of Cu2+ from the bulk solution to the surface of the SHLA and increasing saturation of adsorption sites at higher solution concentrations (Figure 3) (Chen et al., 2015; Giles et al., 1974(a); Giles et al., 1974(b)). 
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Figure 3. The adsorption curves of Cu2+ onto SHLA at three temperatures (mean values, n=3 ± standard deviation; where error bars appear to be missing they are too small to see).
The adsorption data were fitted to the Langmuir and Freundlich models (Table 3). Fits to the Langmuir model suggest that the maximum adsorption capacity (qm) increased from 46.45 ( 0.79 mg/g to 58.79 ( 1.98 mg/g with increasing temperature. The fits to the Langmuir model were used to calculate separation factors, RL (Adebisi et al., 2017) as: 
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where C0 (mg/L) is the initial Cu2+ concentration and KL (L/mg) is the Langmuir adsorption constant. 

RL values indicate whether adsorption is favorable (0<RL<1), linear (RL=1), unfavorable (RL>1) or irreversible (RL=0). All the calculated RL values at the three temperatures were in the range from 0 to 1 (Table 3), indicating that the Cu2+ adsorption process onto SHLA was favourable. The heterogeneity factor, n, in the Freundlich model can also be used to assess the favourability of adsorption (Xiao and Hu, 2017). The values of n (1<n<10) indicate that the adsorption of Cu2+ onto SHLA was favourable (Xu et al., 2017), consistent with the RL values. KF values increased from 14.49 ( 1.21 to 16.71 ( 1.19 with increasing temperature from 25℃ to 45℃, indicating that the adsorption process was endothermic in nature (Gupta et al., 2017).
Table 3. Adsorption isotherms parameters at 25 (C, 35 (C and 45 (C for Langmuir and Freundlich models (modelled values ± standard deviation).
	Temperature
/℃
	Langmuir
	Freundlich

	
	qm
(mg/g)
	KL
(L/mg)
	R2
	p
	RL
	Kf
(mg/g(L/mg)1/n)
	n
	R2
	p

	25
	46.45

(0.79
	0.466
(0.129
	0.9982
	<0.0001
	0.0142-0.2985
	14.488

(1.206
	3.527
(0.303
	0.9497
	<0.0001

	35
	55.62

(1.58
	0.344
(0.102
	0.9949
	<0.0001
	0.0192-0.3656
	15.704

(1.204
	3.264
(0.245
	0.9616
	<0.0001

	45
	58.79

(1.98
	0.336
(0.106
	0.9928
	<0.0001
	0.0196-0.3711
	16.711

(1.191
	3.276
(0.231
	0.9667
	<0.0001


Both Langmuir and Freundlich models showed good fits to the experimental data with R2 values of 0.9928-0.9982 for the Langmuir model and 0.9497-0.9669 for the Freundlich model.
To obtain a deeper insight into the adsorption mechanism, the bi-Langmuir model was applied to the experimental data (Table S5). The bi-Langmuir model assumes that there are two types of adsorption site, one related to ion exchange and the other to surface complexation (He et al., 2016; Yang et al., 2015). The bi-Langmuir model fits the data well. The results show that the surface complexation sites had a smaller sorption capacity (qm,1) but higher sorption affinity (kL,1) for Cu2+, than the ion-exchange sites (qm,2 and kL,2 respectively) (Gezici et al., 2007; Yang et al., 2015). The higher kL,1 values suggest that the surface complexation sites had a stronger attraction and higher sorption energy than the ion exchange sites, and the lower qm,1 values were due to fewer available adsorption sites for surface complexation (Yang et al., 2015). Generally, carboxylic and phenolic-OH groups are the two most significant functional groups present in humic acid that are active in binding metals (Alvarez-Puebla et al., 2004; Baken et al., 2011; Kautenburger et al., 2014; Zherebtsov et al., 2015). However, phenolic-OH (pKa: 8-11) would not be dissociated at pH 5 (Vidali et al., 2011), suggesting that carboxylic groups might be the predominant functional groups for SHLA to adsorb Cu2+. Carboxylic groups could bind with Cu2+ through surface complexation but also by electrostatic attraction. This result indicates that increasing the COOH content of SHLA is a feasible way to increase the ability of SHLA to adsorb Cu2+.
3.4 Thermodynamic analysis
Thermodynamic parameters for the adsorption of Cu2+ onto SHLA were calculated following the method of Li et al (2015) (Table 4). 

Table 4. Thermodynamic parameters of Cu2+ onto SHLA.

	T (K)
	ΔG( (kJ/mol)
	ΔS( (kJ/(mol·K))
	ΔH( (kJ/mol)
	R2
	p

	298.15
	-2.4992 
	0.0595 
	15.2315 
	0.9951 
	<0.05

	308.15
	-3.1534 
	
	
	
	

	318.15
	-3.6873 
	
	
	
	


The parameters indicate that the adsorption of the Cu2+ onto SHLA was endothermic (positive (H() and occurred spontaneously (negative ΔG(). With increasing temperature from 25℃ to 45 ℃, ΔG( decreased from -2.50 kJ/mol to -3.69 kJ/mol, indicating that higher temperatures favoured adsorption (Hu et al., 2017). The positive value of ΔS( is similar to that reported in Yang et al. (2016) for Cu2+ adsorption to humic acid-modified HAP nanoparticles which was attributed to both the affinity of the adsorbent to Cu2+ and also an increase in the degree of randomness in the system following Cu adsorption.
3.5 Comparision with other humic acid based adsorbents
The maximum adsorption capacity, KL and k2 values of SHLA and other humic acid-based adsorbents are summarized in Table 5. The maximum Cu2+ adsorption capacity of SHLA was much higher than most of the pure humic acid adsorbents, most likely due to the higher COOH content of SHLA. The adsorption capacity was also greater than many materials comprising humic acid and an inorganic component, e.g. humic acid modified Fe3O4 (Janoš et al., 2013) but not as good as the humic acid-immobilized polymer/bentonite composite (Anirudhan and Suchithra, 2010) or the humic acid modified carbon nanotubes (Côa et al., 2017). However, our studies suggest that the performance of these composite materials could be improved further if a SHLA was used rather than a natural humic acid. Also, in terms of humic acid modified nanomaterials, potential adverse impacts to the environment should be of great concern calling into question their practical use. For example, carbon nanotubes can cause cell membrane damage, mitochondrial DNA damage and induce granulomas and atherosclerotic lesions; and TiO2 nanomaterials can cause acute toxicity, oxidative damage and growth inhibition (Farré et al., 2009; Lee et al., 2010).  
.

Table 5. Comparison of qm, KL and k2 of SHLA and other humic acid-based adsorbents.

	Sample
	qm (mg/g)
	KL (L/mg)
	k2(g/(mg·min)
	References

	SHLA
	46.4-58.6
	0.336-0.466
	5.75×10-3-9.73×10-2
	This study

	Humic acid from soil
	26.4-38.1
	N.A.
	N.A.
	(Bibak, 1994)

	Insolubilized humic acid
	2.0 
	2.58×10-3
	N.A.
	(Gezici et al., 2007)

	Humic acid from lignites
	16.7-26.2
	4.09×10-3-7.66×10-3
	1.25×10-2-7.71×10-2
	(Arslan et al., 2007)

	Humic acid (commercial)
	23.0 
	N.A.
	N.A.
	(Li et al., 2010)

	Humic acid from sediment
	7.55-85.1
	0.0295-0.181
	N.A.
	(Yang et al., 2015)

	Humic acid from soil
	10.3-61.4
	0.017-0.151
	N.A.
	(El-Eswed and Khalili, 2006)

	Humic acid from sediment
	39.0-107.9
	N.A.
	N.A.
	(He et al., 2016)

	Humic acid-immobilized polymer/bentonite composite
	101.3-112.9
	0.11-8.44
	1.10×10-3-7.12×10-2
	(Anirudhan and Suchithra, 2010)

	Humic acid modified Ca-montmorillonite
	15.3 
	0.029
	1.72×10-1
	(Wu et al., 2011)

	Humic acid-immobilized surfactant-modified zeolite
	19.8-21.5
	2.16-3.92
	1.50×10-2-7.40×10-2
	(Lin et al., 2011)

	Humic acid modified Fe3O4
	0.4-15.6
	0.157-2.126
	N.A.
	(Janoš et al., 2013)

	Humic acid modified activated carbon 
	6.0 
	93.33
	N.A.
	(Liu et al., 2014)

	Humic acid modified bentonite
	23.0 
	N.A.
	N.A.
	(Jin et al., 2016)

	Humic acid and goethite modified kaolinite clay
	1.7 
	5.26×10-3
	2.1×10-2
	(Unuabonah et al., 2016)

	Humic acid modified Fe3O4 nanoparticles
	46.3 
	22.4
	N.A.
	(Liu et al., 2008)

	Humic acid modified HAP nanoparticles
	48.7-58.4
	2.239-4.380
	2.57×10-3-3.45×10-3
	(Yang et al., 2016)

	Humic acid modified TiO2 nanoparticles
	5.3 
	0.07
	3×10-3
	(Mahdavi, 2016)

	Humic acid modified carbon nanotubes 
	68.5 
	N.A.
	N.A.
	(Côa et al., 2017)


3.6 Desorption and reusability of SHLA

In addition to the removal of metals by adsorption, when considering practical applications of adsorbents in remediation, their reuse should be considered as this impacts on the economics of the process. Hydrochloric acid solution (0.5 M) was chosen as the eluent in this study, and the adsorption-desorption cycles were performed six times on SHLA. The Cu2+ removal efficiency for the first cycle was about 75%, indicating the adsorption sites were saturated. If the SHLA is not regenerated by HCl, it is foreseeable that if the SHLA were reused, the removal efficiency would be very low. Figure 4 shows the adsorption capacity of Cu2+ onto SHLA with six adsorption-desorption cycles and the % desorption achieved by each HCl wash. The Cu2+ adsorption capacity of regenerated SHLA gradually and slightly decreased with the number of reuse cycles. Compared with the first adsorption, the Cu2+ adsorption capacity reduced by about 10% after five cycles of regeneration, similar to other materials such as tannin-immobilized nanocellulose (6.5% decrease), graphene oxide membranes (10% decrease) and humic acid-modified polymer/bentonite (appr 20% decrease) (Anirudhan and Suchithra, 2010; Tan et al., 2015; Xu et al., 2017) indicating that SHLA could be reused several times and is thus a promising adsorbent for practical application.
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Figure 4. Adsorption capacity of Cu2+ onto SHLA with 6 adsorption-desorption cycles (a) and desorption efficiency achieved by each HCl wash (b).
3.7 Multielement adsorption

The SHLA used in this study was optimised for the removal of Cu2+ from solution. However in cases of real contamination single-metal contamination is unusual and for that reason we also investigated the adsorption of multiple metals (including Cu, Pb, Cr, Ni, Cd, Zn and Co) from solution by the SHLA.
As shown in Figure 5, the Cu and Pb removal efficiency of SHLA at three initial concentrations were all above 85%. At low metal concentration, SHLA also had good removal efficiency for Ni and Cr. To compare metal removal ability of SHLA for different metals, the original mass concentration for each metal was converted to mole concentration (Figure S3). In the zones surrounded by black dashed lines in Figure S3, the mole concentration for each metal is similar. At the lower metal concentrations, removal efficiency showed a decreasing trend in the order Cu ≈ Pb > Cr > Ni > Cd > Zn > Co. Although, the relatively lower atomic mass of Cu means that higher mmol/L concentrations are lacking a value for Cu, the other elements still show the same trend of Pb > Cr > Ni > Zn > Co and indicate that the SHLA is well able to adsorb metals other than Cu which is was optimised for. These trends are similar to the differing affinities of metals for humic acid (Irving and Williams, 1948; Kerndorff and Schnitzer, 1980; Pandey et al., 2000). The sequence was also similar to the results from other adsorbents, like chitosan saturated montmorillonite, graphene oxide, titanate nanotubes and carbon nanotubes (Hu et al., 2017; Li et al., 2015; Li et al., 2003; Tan et al., 2015; Wang et al., 2013). With increasing initial metal concentration from 1 mg/L to 50 mg/L, the removal efficiency decreased by less than 14% for Cu and Pb, but sharply decreased by 38-64% for other metals. The greater decrease for the other metals reflects the preferential adsorption of Cu and Pb and the saturation of adsorption sites at higher metal concentrations.
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Figure 5. Metals removal efficiency of SHLA in multi-metal systems at 3 different initial metal concentrations (mean values, n=3 ± standard deviation; where error bars appear to be missing they are too small to see).
4. Conclusions

In this study, a synthetic humic-like acid (SHLA) was prepared by an abiotic humification process optimised on the basis of our previous work to give a high concentration of carboxylic acid functional groups. The adsorption behaviour of aqueous Cu2+ onto the SHLA was investigated in detail together with the desorption and reuse potential of the SHLA and the potential adsorption of co-contaminant metals. The SHLA exhibited a range of adsorption efficiencies (27% - 99%) for Cu2+ depending on reaction conditions. A pseudo-second-order kinetic model provided the best fit to the experimental data, indicating that chemisorption was most likely the rate-limiting step for adsorption. The equilibrium adsorption data showed good fits to both the Langmuir (R2 = 0.9928 – 0.9982, p < 0.0001) and Freundlich (R2 = 0.9497 – 0.9667, p < 0.0001) models. The maximum adsorption capacity (qm) of SHLA increased from 46.44 mg/g to 58.78 mg/g with increasing temperature from 25 (C to 45 (C. Thermodynamic parameters (ΔG0=2.50-3.69 kJ/mol; ΔS0=0.06 kJ/(mol·K); ΔH0=15.23 kJ/mol) and values of RL (0.0142-0.3711) and n (3.264-3.527) show that the adsorption of Cu2+ onto SHLA was favourable, spontaneous and endothermic in nature. 
The Cu2+ adsorption capacity of SHLA was much higher than many of the humic acid-based materials reported in the literature, the Cu2+ was readily desorbed from the SHLA by HCl allowing the reuse of the SHLA and the SHLA was able to remove co-contaminant metals in addition to Cu2+ from solution. Overall, this confirms that SHLA has significant potential for use as an adsorbent for the clean up of contaminated waters.

Supplementary Materials

Information about preliminary optimization process for SHLAs (Table S1 and S2), assignments of FTIR absorption bands of SHLA 12 (Table S3), additional information about the selection of desorption eluents (Figure S1), intraparticle diffusion model (Figure S2, Table S4) and fitted results of the bi-Langmuir model (Table S5) are shown in supplementary materials.
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