Nickel removing by electrocoagulation of Ni(II)-NH3-CO2-SO2-H2O system. Kinetics, isothermal, mechanism and estimated cost of operation
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Abstract
The nickel removing by electrocoagulation of Ni(II)-NH3-CO2-SO2-H2O system was studied at laboratory scale. The operation parameters were an initial nickel concentration between 293 and 1356 mg·L-1, pH 8.6, current density 9.8 mA·cm-2, 30 min of electrolysis, 60 ºC and the electrodes pair Al/Al. The chemical analyzes were performed by AAS, ICP-OES, XRD and FTIR. The removal efficiency was from 97.7 to 99.7 %. A kinetic model to estimate the electrocoagulation time was obtained, which refers the combined effect of the resistances of the mechanisms: external diffusion, nucleation, and as controlling step the chemical reaction and a possible autocatalytic contribution. The process followed the Langmuir´s isotherm and the maximum adsorption capacity was 7519 mg·g-1. The precipitate presented a typical structure of Ni-Al layered double hydroxide with 33.4 - 40.7 % nickel and 6.3 to 7.0 % aluminum. The operation costs by energy and electrode consumption were 382 - 537 $·t-1 of removed nickel. 
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1. Introduction 
In the production plant located in Punta-Gorda Cuba, the Ammoniacal Carbonate Leaching Technology is used for the selective recovering of nickel and cobalt form lateritic ore. In the distillation effluents a suspension of basic nickel carbonate (CBN) is obtained,1 after the sedimentation of this suspension, in the clear liquor appears several ionic species with the composition according to proportions: 1.8<Ni/S<3.2, 1.5<NH3/CO2<2.0, 10.4<CO2/S<13.8 of this system Ni(II)-NH3-CO2-SO2-H2O. The temperature of the liquor is between 70 and 85 ºC and the pH from 7.4 to 9.0.2
The dissolved nickel in the clear liquor reaches a concentration between 0.2 and 1.0 g·L-1 in the form of hydroxide and coordination compounds,1,2 it precipitates with NH4HS in a piston flow reactor and a nickel sulfide is obtained.3 Those reagents are toxic, corrosive and of high hazard for the environment.
In a previous study, the possibility of substituting chemical precipitation for the electrocoagulation (EC) process was analyzed.4 
The EC consists of the destabilization of suspended, emulsified or dissolved compounds in an electrolytic cell facilitating their removal.5 In relation to the mechanisms of the process, the fundamental stages have been reported:6-12
1- Electrolytic reactions on the surface of the electrodes. 
2- Formation of coagulants in the aqueous phase.
3- Destabilization and adsorption of pollutants on coagulants (coagulation).
4- Aggregation of destabilized particles and formation of flocs (flocculation).
5- Removal of contaminating material by means of secondary treatment. 
It also refers to the contribution of mechanism functioning synergistically and benefits removal efficiency such as: chemistry precipitation by the formation of the pollutant metal hydroxides; reduction of metal ions, inions and gases at the cathode; co-precipitation and complexation of anions and organic compounds.8,9,11,13,
The parameters that influence the efficiency of EC process can be classified into two categories: design parameters and operational parameters. The most important design parameters are related with material, shape, arrangement and spacing of electrodes, as well as type of power supply, either direct current (DC), alternating current (AC) or alternating pulsed current (APC). Regarding operational parameters are current density, electrocoagulation time, aqueous solution pH, temperature, agitation speed, initial ions concentration and supporting electrolyte.4,7,8,10,13,14,15
Through a complete experimental design 2K with 1 central level and 2 replicates, the most favorable conditions for the nickel removal from the Ni(II)-NH3-CO2-SO2-H2O system by EC were determined with the electrode pair Al/Al. An efficiency of 95 % was achieved for a current density of 9.8 mA·cm-2, 60 ºC, pH 8.65 and 660 mg·L-1 of initial nickel concentration, this represented a specific energy consumption of 5.41 kW-h·kg-1 of Ni.4
Some authors have identified the potential effectiveness of EC to synthesize Hydrotalcite-like layered double hydroxides (LDHs). Zhao (2010) proposed that the formation of Mg/Al-F-LDH is one of the mechanisms for EC defluoridation in systems containing both F- and Mg2+.16 Mendoza, et al. (2018) synthesized Mg/Al-LDH in-situ using synthetic water under laboratory-scale conditions, with aluminum and AZ31 magnesium alloys electrodes at 5 mA·cm-2, the coagulants were generated through electrochemical oxidation of the electrodes and changing the polarity which lead to LDHs production.17 Jiang (2021) synthetized Zn/Al-LDH in situ to remove strontium in a simulated liquid radioactive waste;18 and finally, Ou (2021) fabricated Ni/Fe-LDH using nickel-plating wastewater.19 
LDHs are represented by the general [Me2+1-xMe3+x(OH)2]x+(An-x/n)·mH2O, where M2+ is a divalent cation (Mg2+, Ca2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+), M3+, the trivalent cation (Al3+, Cr3+, Mn3+, Fe3+, Co3+, Ni3+), An-, interlayer anion (Cl-, NO3-, ClO4-, CO32-, SO42-, S2O32- and other organic compounds), x is the charge density for the molar ratio M3+/ (M2+ + M3+) between 0.2 to 0.35. 20-31
These compounds have been extensively investigated to improving the microstructure, increasing the active electrochemical sites and their applications. 
In the case of Ni/Al-LDH, highly efficient has been reported in the adsorption of metals (Au, Cd, Cu, Pb, Se),28,32 anions (F-, IO3-)33,34 and organic compounds.24-26,29,35,36
Ni-based LDHs in the energy storage and conversion field are still limited by their intrinsically poor conductivity, aggregation, limited active sites and stability.23,31 Ni/Al-LDH exhibits a specific capacitance 2128 F·g−1 at 1 A·g−1 and coulombic efficiency above 80 % during 1000 cycles (Ni/Al:3),37,38 to improve the electrochemical performance, nanostructured Ni/Al-LDH have been synthetized using different routes.23,39,40,41
This compound, followed by controlled thermal decomposition, represents an appropriate material for the preparation of ceramic pigments with different properties;42 carbonate intercalated with a c-axis preferred orientation, show excellent anticorrosive performance with polarization current density of 10-9 A·cm-2.43 It is active for the photocatalytic conversion of CO2 to CO in water, under UV light irradiation,44 and promising catalyst precursors for fine CO2 removal from hydrogen-rich gas streams through the methanation reaction and methane dry reforming.45,46
Moreover, the combination of nickel and aluminum finds applications in the production of superalloys (53.3≤Ni≤73.0 %, 1.2≤Al≤6.0 %) and permanent magnets (15≤Ni≤26 %, 8≤Al≤12 %). 
It was assumed that the thermodynamic, kinetic-chemical, equilibrium analysis through adsorption isotherms, the characterization of the adsorbate and the adsorbent through techniques such as: AAS, ICP-OES, DXR, FTIR, and the analysis of chemical-physical interactions through Stern's electrical double layer model, coordination surface and the electrode processes, provide elements to propose the removal mechanism by electrocoagulation.30,47,48
The purpose of this work was to determine the reaction kinetics, the adsorption isotherm, the mechanism and the preliminary cost of operation for the nickel removing by electrocoagulation from the Ni(II)-NH3-CO2-SO2-H2O system, at different concentrations of dissolved nickel in the initial liquor.
2. Materials and methods
2.1. Materials
The liquor used for electrocoagulation was sampled spot in the distillation columns discharge at the production plant in Punta-Gorda Cuba. The pH was adjusted with ammonium carbonate dissolution (pH 11.7) or with a mixture of hydrochloric and nitric acid. On the other hand, to adjust the nickel concentration distilled water and liquor of feeding to the columns were used. The resulting concentration was: nickel 293 - 1356 mg·L-1, ammonia [NH3] 0.51 - 4.70 g·L-1, carbon dioxide [CO2] 0.30 - 3.27 g·L-1, sulfur 2.14 - 3.20 g·L-1 and sulfate ion 3.46 - 6.82 g·L-1 (table 1).

Table 1. Characterization of the liquor fed to the electrocoagulation cell
	Ni (mg·L-1)
	NH3 (g·L-1)
	CO2 (g·L-1)
	S (g·L-1)
	[SO4]2- (g·L-1)

	293
	0.51
	0.33
	2.70
	3.59

	379
	0.92
	0.50
	2.14
	3.52

	474
	1.10
	0.25
	2.43
	3.53

	505
	1.08
	0.29
	2.31
	3.46

	646
	1.40
	0.30
	2.73
	5.70

	775
	1.20
	0.35
	3.00
	3.46

	953
	1.21
	0.35
	3.47
	6.83

	1356
	4.70
	3.27
	3.20
	6.82




The equipment and utensils used for electrocoagulation were: Direct current source of 0.01 - 30 V, maximum amperage 10 A, power supply 220 ±10 %, 50 Hz and 250 W; multimeter, stopwatch, glassware, utensils and laboratory miscellaneous.
The electrochemical cell consisted of a discontinuous cylindrical glass reactor, with a useful capacity of 500 mL. It was equipped with a pair of flat electrodes, arranged vertically, in parallel, 10 mm spacing, submerged 57 mm in the liquor with a total area of 5.6·10-3 m2 and an effective area of 4.6·10-3 m2. The material used as electrode was aluminum with a composition of 98.98 % Al, 0.5 % Mg, 0.33 % Fe and 0.114 % Si. 
The physical-chemical analysis was performed using the following equipment: pH meter Philips PW-9420, 115 - 230 V, 50 - 60 Hz; Optical emission spectrometer GS 1000-II to characterize the electrodes; Atomic absorption spectroscopy (AAS), Spectrophotometer SP-9 to determine the concentration of metals in solution. 
In addition, the analysis of the precipitate was performed by the techniques: 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), Spectro ARCOS FHX.
X-ray diffraction (XRD), Bruker D8 Advance equipment, Cu anode lamp (CuKα radiation) and wavelength 1.5405 Å, constant scanning at a measurement interval of 2theta (2θ) between 5 – 6 to 100º with a step of 0.05º measured every 5 min.
Fourier transform infrared spectroscopy (FTIR), Nicolet 6700 Spectrometer, range between 4000 and 400 cm-1, resolution of 4 cm-1.
2.2. Methods 
The nickel removal experiments by electrocoagulation consisted in assuming: 
Fixed variables: the current density of 9.8 mA·cm-2, pH 8.6, temperature 60 ºC and electrolysis time 30 min, according to the most favorable conditions for the nickel removal from the Ni(II)-NH3-CO2-SO2-H2O system.4
Dependent variables: nickel removal, electrode and electrical energy consumption. 
Independent variable: initial concentration of nickel [Ni] dissolved in the liquor that was fed to the electrocoagulation cell.
The experimental electrocoagulation installation was placed under a laboratory hood. The positive terminal of the current source was connected directly to the electrode (anode) and the negative terminal to the multimeter and from this (COM) to the cathode. The source allowed to regulate the voltage to keep the electric current amperage constant (Fig. 1).
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Figure 1. Experimental installation of electrocoagulation 

The overflow liquor from the nickel basic carbonate settler tank, previously conditioned at the temperature and pH of the experiment, was fed to the reactor and after starting stirring at 100 rpm the system was energized. The magnetic stirrer had thermal control; the temperature was measured with a probe and displayed on an ASCON KR3 controller. The samples were removed from the reactor to a volumetric flask. Then, they were covered and allowed to settle for 24 h. Finally, the aliquot required for chemical analysis was pipetted. 
The preparation of the electrodes consisted of polishing the surface with coarse and fine sandpaper, and washing with distilled water. After electrocoagulation, they were cleaned with phosphoric acid solution, sodium hexametaphosphate and distilled water until the deposited layer was removed. Later these electrodes were weighed. Each anode was used for at most two experiments.
2.3. Adsorption kinetics models
The adsorption capacity (Qt) or amount of adsorbate adsorbed per adsorbent unit (mg∙g-1) was determined by Eq. (1).

Where C0 (mg·L-1) is the initial concentration of nickel, Ct (mg·L-1) concentration in each time interval in the liquid phase, V volume of solution, ΔMF (g) amount of metal that dissolves according to Faraday's Law, Eq. (2).

Where: I (A) is the current intensity, M the molecular weight of [Al] 26.98 g·mol-1, t (s) the electrocoagulation time, number of electrons for aluminum (n: 3), Faraday constant (F: 96487 c·mol-1). When the duration of the process is long enough, Qt is constant and determines the charge or adsorption capacity at experimental equilibrium (Qe, mg∙L-1), corresponding to the concentration at equilibrium (Ce, mg∙L-1).
Many adsorption kinetic models were evaluated: pseudo-second order, Elovich, Avrami, Bangham and intra-particle diffusion model by Weber-Morris.48,49,50
The parameters were adjusted with StatGraphic 5.1 and Microsoft Excel; the best quality of fit was decided by the highest coefficient of determination (R2). The most representative models of the data are described below.
The pseudo-second order model presents the kinetic Eq. (3), integrating results Eq. (4), where k2 (g∙mg-1∙min-1) is the adsorption rate constant while h is assumed as the initial reaction rate (g·mg-1).


Avrami's fractional kinetic model is based on the KJMA theory,51 and consist of phase transformations via homogenous and spontaneous nucleation and growth of a crystal as a function of crystallization time; although it has been assumed as an empirical model for the analysis of adsorption kinetic data.47 It is represented by Eq. (5), integrated (6) and linearized (7).



Where, Kav is the kinetic constant (min-1) or global constant, nav fractional reaction order, which refers to the nucleation, growth and orientation of crystallites or possible changes in the adsorption mechanism.
In addition, the fit quality of several models was evaluated in order to investigate the controlling mechanism in the removal process, these are:52
External diffusion: 1-D, 2-D, 3-D, boundary layer.
Internal diffusion: 1-D, 2-D, Ginstling-Brounshtein, Jander.
Nucleation: 1-D, Kolgomorov-Johnson-Mehl-Avrami-Erofeev, nucleation and crystallization.
Chemical reaction: Power Law.
Autocatalysis: Roginskii - Shultz, Kolmogorov, autocatalysis.  

2.4. Adsorption isotherm models
The Langmuir, Freundlich, Temkin, Toth, Koble - Carrigan and Redlich - Peterson adsorption isotherm models were evaluated. 10,25,35,48,49,50
Langmuir´s isotherm had the greater interest for the results; its linearized form is shown in Eq. (8), and the equilibrium parameter is defined in Eq. (9).


Where, the maximum adsorption capacity in the monolayer is qmax (mg·g-1), KL (L·mg-1) the Langmuir adsorption constant that defines the affinity of the adsorbate for the adsorbent. For its part, the equilibrium parameter of the Langmuir´s isotherm is RL.
The verification of the consistency of adsorption models and the theoretical assumptions of adsorption models was made by Average Relative Error (ARE) and Marquardt’s Percent Standard Deviation (MPSD) Eq. (10) and (11) respectively.35


Where, the number of data points (n) and number of parameters (P).

2.5. Operating cost estimate 
The operating cost per kg of nickel removed was calculated by Eq. (12).

Where, Cop ($·kg-1) operating cost, a ($ 0.090 / kW-h) cost of electricity, Cen (kW-h) power consumption, b (1,445 $·kg-1) cost of the aluminum electrode; ΔMexp (g) experimental weight loss of the electrodes, mNi (kg) mass of nickel removed.
Transforming Eq. (13):

Where, U (V) voltage, I (A) current intensity, t (min) electrocoagulation time, [Ni] (g·L-1) initial concentration of dissolved nickel, V (0.5 L) useful volume of the cell, xNi fraction converted or nickel removing. 
The current efficiency (𝜂) and the specific energy consumption per kg electrode dissolved (See, kW-h·kg-1) were determined by Eq. (14) and (15), respectively.


3. Results and Discussion
3.1 Adsorption kinetics
The study of adsorption kinetics provides information on the mechanisms involved in the process. For the experimental conditions of 9.8 mA·cm-2, 60 ºC, pH 8.6, 30 min of electrolysis and initial concentration 293≤[Ni]≤956 mg·L-1, the nickel removal efficiency was between 99.0≤X≤99.7 % (Table 2).

Table 2. Efficiency of nickel removal by electrocoagulation
	Ni (mg·L-1)
	293
	379
	474
	505
	646
	775
	953
	13561

	X (%)
	99.7
	99.3
	99.3
	99.5
	99.0
	99.0
	99.0
	97.7


140 min of electrolysis

A model was obtained that relates the conversion time (t) as a function of the converted fraction (x), nickel initial concentration (mg·L-1), mass of aluminum [Al] and the coefficients o constants a, b, c, d, e, f, Eq. (16).
 
From Faraday's law to determine the mass of dissolved aluminum, Eq. (17) is obtained.


Where, the constant (n) refers to the conversion time, the resistance coefficient to external diffusion (a), nucleation (b), chemical reaction (c) and its autocatalytic contribution (d), the nickel exponent (e), and the coefficient (KAL) for the estimate of dissolved aluminum by Faraday's Law.
The parameters of the conversion time (CVT) model (17) are shown in table 2 for the concentration ranges: 293≤Ni≤646 mg·L-1; 775≤Ni≤1356 mg·L-1; 293≤Ni≤1356 mg·L-1. It reflects between 99.18 and 99.88 % of the variability in nickel removal. The coefficient of determination (R2) adjusted by the degrees of freedom (g.l.) allows compare this model with others with the same number of independent variables. 
CVT model expresses that the nickel removing is determined by the combined effect of the resistances of the mechanisms:
· External diffusion (a), in the film or boundary layer to the adsorbent surface, by the two-dimensional (2-D) diffusion model.
· Nucleation and crystallization (b), by the Kolgomorov-Johnson-Mehl-Avrami-Erofeev equation, which refers to the random formation and growth of the adsorption surface due to the hydrolysis and polymerization reactions of aluminum, giving rise to the species monomeric, polymeric, oligomeric aluminum and Al(OH)3, where the contaminants adsorption occurs (Ni2+, SxOyz-, CO32-, NH3) in the active centers by electrostatic interaction and coordination surface, and subsequent crystallization; in competition with that nucleation that occurs when the deposits grow on the electrodes.
· The chemical reaction (c) in the active centers of the adsorption surface, by the model of spherical particles according to the Power Law.
· Contribution to the chemical reaction due to the synergistic effect that promotes the nickel removing and a possible autocatalytic effect is estimated, according to the Roginskii - Shultz equation (e).

When the nickel concentration increases between 775 and 1356 mg·L-1, there is a greater effect on the removal by the chemical reaction mechanism due to the processes that exert a synergistic effect on the process; while in the lower interval (293≤Ni≤646 mg·L-1), the chemical reaction and external diffusion predominate which can be seen by the coefficient’s values of the kinetic model, (see table 3).

Table 3. CVT model constants by Eq. (15) and quality of fit
	
	
	
	
	
	
	
	
	R2
	R2 (g.l.)

	1
	0.2938
	8.8582
	1.1429
	12.4190
	10.4680
	0.3054
	1.4834
	99.41
	99.18

	2
	0.3029
	0.9418
	1.7497
	16.7428
	18.7548
	0.2812
	1.5661
	99.91
	99.88

	3
	0.2985
	9.9782
	2.6673
	13.2262
	20.1508
	0.2337
	1.5250
	99.35
	99.24


  1[Ni] de 293 a 646 mg·L-1; 2[Ni] de 775 a 1356 mg·L-1; 3[Ni] de 293 a 1356 mg·L-1.

The adsorption kinetic models were ordered by their quality of fit: (1) pseudo 2nd order ≈ (2) Avrami > (3) Elovich ≈ (4) Bangham >> (5) Weber-Morris. These were used to validate the conversion time model, Eq. (17). 
The pseudo-second order (PSO) model showed a high quality of fit (96.1≤ R2≤99.8 %). As the initial nickel concentration increased, the rate constant k2 (g·mg-1·min-1) decreased, which is attributed to the progressive saturation of the active sites in the adsorption surface with the cation [Ni2+], (Fig. 2 a), and causes an increase in the necessary electrocoagulation time, Eq. (17). 
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Figure 2. Adsorption of nickel with the electrode pair Al/Al at 9.8 mA·cm-2, 60 ºC, pH 8.6, a) Pseudo-second order kinetic model b) Avrami model.

The Avrami´s model was representative of dates because of its high quality of fit. The removal rate (kav) for initial nickel concentration between 293 and 646 mg·L-1 was assumed constant and equal to 0.20 (+/- 0.01) min-1 (97.94≤R2≤99.62 %); but in the range of 775 to 1356 mg·L-1 the kinetic behavior changed and kav decreased between 50 and 60 % (98.82≤R2≤99.75 %) due to the increase in adsorbate concentration. It was regarded that in the first interval the contribution of the mechanism external diffusion resistance influenced in the higher value of kav, while in the second interval kav was lower under the mechanism control the chemical reaction resistance (Fig. 2 b) (see table 3).
With respect to the lines slopes that reflect the fractional order (nav) of Avrami´s model, in the interval 293≤[Ni2+]≤646 mg·L-1 decreased from 1.39 to 0.66 with the increase of the cation [Ni2+], which is attributed to the progressive saturation of the active adsorption sites because there is a greater amount of adsorbate that reaches the adsorbent surface and therefore a longer electrocoagulation time is required; also, the interactions augments and the tendency to change the controlling mechanism. In the interval of 775≤[Ni2+]≤1356 mg·L-1 the exponential constant (nav) increased to 1.21 (+/- 0.05), according to Eq. (17), it may be associated with the controlling mechanism chemical reaction resistance.
The Elovich´s model (95.5≤ R2≤99.62 %) suggests that the adsorbent active sites are heterogeneous and therefore exhibit different activation energies, that more than one mechanism incises the removal process such as transport in the solution phase (bulk diffusion) and surface diffusion.48,49,50 The initial rate kinetic constant (α) (mg·g-1·min) increased directly proportional to the concentration of [Ni2+] and the constant (β) related to the chemisorption activation energy and the extension of the adsorption surface, decreased with the increase of cation [Ni2+] throughout the interval. 
The Bangham and Weber-Morris´s models were less representatives of the data due to their lower quality of fit, in correspondence with the CVT model, Eq. (17) where internal diffusion resistance could be omitted from the process due to low statistical significance. 
The Bangham´s model is applied to investigate pore activation for adsorbate diffusion. The fit quality was obtained in the interval 95.0≤R2≤99.3 %, which indicates that both intra-particle diffusion and pore diffusion are not controlling in the process.50
With regard to the Weber and Morris´s model, it reflects the influence on the process of external mass transfer followed by intra-particle diffusion in pores of different sizes.48,50 The plot of Qt versus t0.5 did not result in a linear relationship with intercept at the origin of coordinates (86.5≤R2≤99.1), and suggests that diffusion is not a limiting step in the mechanism. Furthermore, the intra-particle kinetic rate constant was not directly proportional to the adsorbate concentration, suggesting that the process is not controlled by adsorption in the pores. 

3.2 Nickel adsorption isotherms
The equilibrium concentration corresponding to each initial nickel concentration, and the equilibrium adsorption capacity were determined. By increasing the initial concentration, the adsorption capacity increased at equilibrium and [Ni2+]>953 mg L-1, the formation of a plateau was obtained, which indicates saturation of the adsorption sites and a decrease in the removal efficiency at the experimental conditions studied, (Table 4 and Fig. 3 a).

Tabla 4. Concentración en equilibrio y capacidad de adsorción del níquel por electrocoagulación con el par de electrodos Al/Al
	Ni (mg·L-1)
	293
	379
	474
	505
	646
	775
	953
	1356

	Ce (mg·L-1)
	1,0
	2,0
	2,5
	3,0
	6,6
	8,0
	10,0
	31,0

	Qe (mg·g-1)
	1892
	2442
	2880
	3252
	4120
	4969
	6168
	6638



The order of goodness-of-fit (R2) of the adsorption isotherm models was: Langmuir (99.3 %) > Redlich - Peterson (97.3 %) > Koble - Carrigan (96.1 %) ≈ ToTh (96.1 %) > Temkin (93.8 %) ≈ Freundlich (93.7 %).
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Figure 3. Removal of [Ni2+] at 9.8 mA·cm-2, 60 ºC and pH 8.6, a) Equilibrium concentration (Ce) and adsorption capacity (Qe) as a function of the initial concentration (Co) b) Langmuir isotherm.

The Langmuir´s isotherm (Fig. 3 b) was more representative of the data, this presented the highest quality of fit determined by the coefficient of determination (R2), the lower ARE 7.7 and MPSD 0.108, suggests monolayer adsorption in a specific number and fixed of accessible sites on the adsorbent surface, all active sites have the same energy. Once an adsorbate occupies a site, no farther adsorption can occur on that site and there is not interaction between adsorbate species.48,49,50 The maximum adsorption capacity (qmax) was 7519 mg·g-1, the constant (KL) 0.216 L·mg-1 and the equilibrium parameter 0.003 ≤RL ≤ 0.013.
The Redlich-Peterson´s isotherm (A: 4.84∙10-4 L·g-1; beta-: 0.61) and the Koble-Carrigan´s isotherm (Ak: 1429 mg·L-1, Bk: 0.14 mg·L-1, p: 1.08) refers that adsorption is a mixture (Langmuir and Freundlich) and not precisely the ideal adsorption monolayer; while the Toth´s isotherm (K: 0.25; n: 5.5 mg·g-1) is a modification of the Langmuir´s equation and suggest a heterogeneous adsorption (n>1). 
The Temkin´s model assumes linear rather than logarithm decrease of heat of adsorption while ignoring extremely low and very high concentration. It also assumes uniform distribution of bounding energy up to some maximum bonding energy,35,50 the heat of adsorption, bT, is equal to 1.79 J·mol-1, A: 2.88 L·mg-1 and B: 1547.0.
Eventually, the lower value of the determination coefficient corresponded to the Freundlich´s isotherm, which assumes a heterogeneous distribution of active sites and energy on the surface, applicable to adsorption multilayers,48,50 Kf: 2001.4 (mg·g-1)/(mg·L-1)n and n: 2.7.
Thus, the kinetic and equilibrium analyses suggest control of chemisorption on a monolayer, at a fixed and specific number of accessible sites on the adsorbent surface; although it does not specifically follow the ideal adsorption monolayer at identical sites, the interaction between the molecules is not neglected, due to the action of electrostatic forces and exchange reactions in the active sites of the coordination surface. In addition, the transport of solute through the internal structure of the adsorbent pores and the diffusion in the solid are neglected. 

3.3 Analysis of the precipitate
In order to investigate the nickel removal mechanism by electrocoagulation the precipitate was analyzed. The ICP-OES, DXR and FTIR analysis showed the formation of Layered Double Hydroxide [Ni/Al-LDH] as the main product, with [NH3] intercalated and the anions [SO42-] and [CO32-], also accompanied by phases impurities. 
The largest diffraction peaks were obtained at 2theta (2θ) Bragg angles of 10.745º, 22.101º, 34.922º and 61.067º, which are assigned to the crystalline planes, according to the Miller indices (hkl): (003), (006), (012), (110) respectively, are also of interest at 46.43º (018) and 72.676º (119). These diffraction peaks are indexed on a hexagonal system
with rhombohedral symmetry, special group R-3m (polytype of three layers). The presence of 0kl peaks anticipates the presence of stacked layers, (see Fig. 4a), (JCPDS file 15-0087).22,27,28,34,39,53,
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Figure 4. X-ray diffraction (XRD) of Ni/Al-LDH, Cu Kα1, λ=1.540598 Å, at 9.8 mA/cm2, 30 min, 60 ºC and pH 8.6. a) Diffraction intensity for various Bragg reflection angles. b) Interaction of the basal axis c0 with the molar ratio M(II)/M(III). c) Crystallite volume interaction V (Å)3 with M(II)/M(III).

The XRD pattern also showed phases impurities by comparison of the characteristic reflection pattern to a reference library of samples. 
Through Fig. 4a, low intensity peaks attributed to the impurities the bayerite polymorphs Al(OH)3 and aluminum hydroxide or gibbsite [γ-Al(OH)3], (JCPDS 33-0018, JCPDS 20-0011, JCPDS 24-0006).15,40,54
Also nickel hydroxide [Ni(OH)2] indexed to the hexagonal [β-Ni(OH)2]; the [Ni(OH)2·0,75H2O], nickel oxy-hydroxides corresponding to [-NiOOH] and [-NiOOH] phases (JCPDS 14-0117, JCPDS 38-0715, JCPDS 06-0141, JCPDS 06-0075)55,56,57-59
The presences of nickel aluminate were identified: [NiAl2O4], [NiAl26O40], [NiAl32O49] and [Ni2Al18O29] (JCPDS 10-0339, JCPDS 20-0776, JCPDS 20-0777, JCPDS 22-0451).60,61
These phases may be a consequence of the decrease in pH during the process from 8.53 (+/-0,07) to 8.35 (+/-0,08).
Fourier transform infrared spectroscopy (FTIR) analysis was used to determine structures of the molecules in the deposited material, (Fig. 5). 
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Figure 5. FTIR spectral of Ni/Al-LDH at different nickel concentration, a) 505 mg·L-1, b) 646 mg·L-1, c) 775 mg·L-1, d) 953 mg·L-1

The broadened bands that can be seen in the region from 3423 to 3465 cm-1 are assigned to tension vibrations (stretching) OH) OH∙∙∙HOH of the hydroxyl group (OH-) in the Ni/Al -LDH, Ni(OH)2, Al(OH)3 and the water molecules adsorbed in the interlayer.25,26,27,36,53
The peaks observed between 2077.9 and 2084.7 cm-1 are associated with stretching vibration of the N-H bond.53
The characteristic bands between 1629 and 1641 cm-1 are attributed the deformation of (HOH) angle of water molecule (δH–O–H) which confirms the presence of water in the Ni/Al-LDH interlayer.17,21,25,26,36
The spectrum shows intense bands located from 1364 to 1368 cm-1 and represent symmetric stretching vibrations carbon-oxygen bond (C-O) of carbonate ions 3(CO32-).20,21,53,58
The adsorption bands with peaks from 1108 to 1115 cm-1 corresponded to S-O stretching vibrations of the sulfate anion 3(SO42-).20,24
The characteristic band at 1041 cm-1 represents the vibration (Al-OH). Also, between 615 and 617 cm-1 can be assigned to the stretching vibration metal (M) - oxygen (Ni-O; Al-O; Ni-O-Al), related to the oxides and aluminates determined by DXR.25,36
The peaks between 409.8 and 410.8 cm-1 are assigned to nickel oxides and nickel hydroxides [Ni-O; Ni-O-H-]; and the bands between 566 – 567 cm-1 are attributed to stretching vibrations [Ni3+-O] in [-NiOOH].14,25,58
The precipitate had a nickel concentration between 33.40 and 40.68 %, aluminum from 6.43 to 7.0 % and charge density (x) from 0.256 to 0.36. The sulfate anion was predominant. When the initial concentration of nickel increased, there was a tendency to increase Ni in the precipitate (Table 5).

Table 5. Characterization of Ni/Al-LDH and estimated chemical formulas
	[Ni2+]
	Concentración 
(% en peso)
	Fórmulas químicas
	Ni/(Al+Fe) (molar)

	
	Ni
	Al
	S
	Fe
	
	

	447
	33.40
	8.64
	7.10
	0.13
	[Ni0,640Al0,360(OH)2]·(SO4)0,156·(CO3)0,024·xH2O
	1.76

	505
	37.39
	6.30
	5.62
	0.03
	[Ni0,732Al0,268(OH)2]·(SO4)0,113·(CO3)0,021·xH2O
	2.72

	646
	38.47
	6.67
	5.72
	0.09
	[Ni0,726Al0,274(OH)2]·(SO4)0,123·(CO3)0,014·xH2O
	2.63

	775
	39.21
	6.41
	5.12
	0.05
	[Ni0,738Al0,262(OH)2]·(SO4)0,107·(CO3)0,024·xH2O
	2.80

	953
	40.68
	6.43
	4.37
	0.02
	[Ni0,744Al0,256(OH)2]·(SO4)0,115·(CO3)0,013·xH2O
	2.90

	1356*
	39.20
	7.00
	3.75
	0.05
	[Ni0,720Al0,280(OH)2]·(SO4)0,068·(CO3)0,071·xH2O
	2.57


*Sample analyzed after electrocoagulation for 40 min

From the DXR analysis, the spacing (dhkl) of the LDHs, the crystal lattice parameters (a, c) and the crystallite size (Dhkl) were determined (Table 6).

Table 6. Lattice parameters and size of Ni/Al-LDH crystallites
	Sample
Ni (g·mL-1)
	Spacing (Å)
	Cell parameters (Å)
	V
(Å)3
	Crystallite size (nm)

	
	d003
	d012
	d110
	a=b
	c
	
	D
	D003

	505
	8.227
	2.567
	1.516
	3.02
	23.237
	184
	5.40
	8.45

	646
	8.305
	2.560
	1.513
	3.00
	24.336
	174
	5.69
	8.92

	775
	8.266
	2.546
	1.511
	3.02
	23.460
	185
	6.35
	9.90

	953
	8.632
	2.585
	1.507
	3.00
	22.495
	190
	6.71
	10.5



The separation of the planes (dhkl) of the LDH, also called spacing, basal distance or thickness of the interlayer gallery was calculated using Bragg's Law and is similar to the compounds synthesized by coprecipitation reported in the literature: [Ni/Al-SO42-] (8,01≤d003≤8,59 Å) y [Ni/Al-NO3-] (7,82≤d003≤8,76 Å). The variation in the basal distance is due to the variation in the amount (intercalation degree) and type of anions (atom size and valence) in the LDH interlayer.24,26,62
Parameters “a” and “c” were calculated using the relationship between the spacing (dhkl) in the planes (hkl): (003), (012), (110) and the lattice parameters (a, b, c) for the hexagonal crystal system (b=c). The data was adjusted using the Statgraphic 5.1 software in the nonlinear regression option.
The average values of the lattice parameters (+/- standard deviation) were: a=b= 3.01 Å (+/-0.013) and “c” equal to 23.4 Å (+/-0.76), with a fit quality greater than 99.7 %, confirming that it is a hexagonal crystalline system. The parameter "a" is equivalent to the average distance between the center of adjacent cations in the lattice; and "c" is the basal axis, which is related to the distance between neighboring atoms and the interlayer distance.
The parameters have been reported for the compounds obtained by coprecipitation: [Ni/Al-SO42-]-LDH values of “a” 3.03 Å and “c” 24.05 Å; and for [Ni/Al-CO32-]-LDH in the following ranges: 3.02≤a≤3.08 Å and 22.2≤c≤24.05 Å.21,24,28
The basal axis cell parameter for n-layers is c=n·c0. For the polytype 3R with rhombohedral symmetry n=3, and with the lowest reflection (0 0 n) c0 was calculated. An increase in the basal axis as the molar ratio [Ni2+ / (Al3+ + Fe3+)] increases was observed with a coefficient of determination (R2) equal to 97.42 %. This is because the nickel has a larger ionic radius than iron and aluminum (0.69 Å > 0.55 Å > 0.535 Å), (See figure 3 b).21,26
The unit cell volume (V=0.866∙a2∙c) was 183 Å3 (+/- 6.58), similar to other [CO32-]-LDH obtained by co-precipitation such as [Zn/Al] 189 Å3, [Ni/Al] 187.6 Å3 y [Mg/Al] 180 Å3 and by the sol-gel method [Ni/Al] 148-163 Å3, the lower the molar ratio [Ni2+ / (Al3+ + Fe3+)] the smaller the volume, (See figure 4 c).21,28
The crystallite size (Dhkl) was calculated using the Scherrer equation and the mean size (D) by the Williason-Hall "SSP" method. Both sizes reached lower values than other Ni/Al-LDHs synthetized by coprecipitation, but those were similar to the LDHs obtained by the sol-gel technique [Ni/Al-CO32-] (2.69≤D003≤8.11 nm). Crystallinity increases with increasing temperature, current density and constant alkaline pH (table 6).21,34,63
In that order of ideas, the average size of the crystallites (D) presented an inversely proportional relationship with the reaction rate constant (kav) of the Avrami´s model, fallowing a linear function (R2 95.92 %). Regarding the fractional reaction order (nav), it was related to the preferential orientation of the crystallites, according to the peak intensity in the I003/I012 ratio (1.43≤I003/I012≤1.82) with an inverse relationship and linear trend (R2 98.0%). Y. Liu (2015) used the ratio I003/I012 in the interval 0.2≤I003/I012≤2.7 to evaluate the orientation of Ni/Al-CO3-LDH. He referred that a higher I003/I012 value indicates that the LDH has a c-axis preferred orientation, while a lower value demonstrates preferentially ab-oriented. Based on this criterion, it was supposed that when the fractional reaction order (nav) increases the crystallites have a greater tendency to ab-orientation.43

3.4 Nickel removal mechanism analysis
Taking into account the results of the kinetic and equilibrium analysis, the characterization of the product, as well as the information consulted in the literature, it is considered that the following reactions control the nickel removing by electrocoagulation of Ni(II)-NH3-CO2-SO2-H2O system, (Fig. 4). 6,7,10,11,15,64
a) Precipitation of nickel hydroxide.
b) Co-precipitation of Ni in spinels [NixAlyOz].
c) Precipitation of layered double hydroxides.
d) Cathodic electro-reduction to form metallic nickel 
Where, the anionic ligands [CO32-], [SxOyz-], [NO32-] on the coordination surface, depending on the dissolved Ni concentration, activate a synergism on the process that benefits removal.
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Figure 6. Schematic representation of the nickel removal mechanism by electrocoagulation of the Ni(II)-NH3-CO2-SO2-H2O system.


Due to the simultaneous electrolytic reactions that occur on the surface of the electrodes (step 1 Fig. 6), the electro-coagulant aluminum cation [Al3+] and the hydroxide anion [OH-] are produced, Eq. (18) and (19). These diffuse in the solution and spontaneously, the hydrolysis of aluminum occurs to form several monomeric and polymeric species, oligomeric complexes and aluminum hydroxide, Eq. (20) and (21), Step 2.65




Nickel compounds and other contaminants, either colloids, suspended or dissolved material begin to destabilize due to: 6,7,11,13
1) Compression of the diffuse double layer around the charged species because of the physical-chemical interactions with the generated ionic species, by the electrochemical dissolution of the sacrificial electrode (anode). These affect the potential difference between the surface of the particles and the solution, thus decreasing the interparticle repulsive forces. 
2) Charge neutralization of the ionic species present in the solution due to the ions of opposite charge generated at the anode and the processes of adsorption, precipitation and co-precipitation; thus, the interparticle repulsive electrostatic forces decrease, instead the Van der Walls attraction forces predominate and as a result, coagulation occurs. While monomeric aluminum species neutralize the charge of contaminants by adsorbing on their surface and binding to their ionized groups, polymeric species can bind several contaminant particles (or molecules) at once, Step 3.
3) Following destabilization, flocs are formed as a result of aggregation of the destabilized particles, leading to sludge formation (flocculation), Step 4.
4) The hydrogen released in the cathodic reaction (2), enables the electro-flotation of the flocculated particles, which is also favored by the removal of sulfur in the form of hydrogen sulfide (H2S), Step 5.
In parallel, mechanisms occur that favor the removal of nickel, as explained below:
Adsorption of [Ni2+] in the active centers of the surface of the aluminum species and fundamentally, on [Al(OH)3]  in interaction with other ions present in solution provided by the compounds CO2 - SO2 - NH3. This process happens by two mechanisms: electrostatic attraction and coordination surface, Eq. (22), Step 6.

Result of simultaneous reactions at the anode and cathode, hydroxide ion is released and nickel hydroxide precipitates, Eq. (23), Step 7.

Through sequential co-precipitation, [Ni(OH)2]  is incorporated into the crystal structure of [Al(OH)3] and forms spinel: NiAl2O4], [NiAl26O40], [NiAl32O49], [Ni2Al18O29], Eq. (24) and (25), Step 8.
    
    
Anions in solution are attracted by electrostatic forces to balance charges and adsorbed on the active centers of the coordination surface, where (L) represents anionic ligands such as [CO32-], [SxOyz-], [NO32-], [OH-], Eq. (26) and (27).65,66


Subsequently, the adsorbed ions can be displaced by other competing ions in the solution (exchange adsorption), due to the interactions between the ions on the charged surface and in the diffuse layer around the surface, and the nickel removal by formation of Ni-Al/LDH is promoted. LDH of high purity at alkaline pH and maximum temperature of 80 ºC has been prepared by co-precipitation, Eqs. (28) - (29), Step 9. 24,26,31,67,68


The hydrogen evolution reaction (HER) (2) occurs at the cathode to a standard potential of -0.826 V with the release of gaseous H2; and the nickel reduction on the cathode surface to a more positive standard reduction potential of -0.25 V, Eq. (30), Step 10.
  
The precipitation of [Ni(OH)2], [Ni/Al-LDH] and the co-precipitation of Ni-Al spinels cause a synergistic effect in the process, achieving high efficiency of nickel removing.  A greater effect is reached as the initial nickel concentration in dissolution increases, which is reflected by the kinetic model TCV Eq. (17).
The possibility of an electrocatalytic effect of Ni2+/Al3+-LDH and the pair Ni(OH)2/[β-Ni3+OOH] on the anodic reaction of water electrolysis with oxygen evolution (OER) is also considered. The OER presupposes the absorption in the anode deposits of the hydroxide radicals generated by the hydrogen evolution (HER) in the cathode (0.404 V), Eq. (31).69 The OER can promote the aluminum oxidation and the formation of LDH, Eq. (32) and (33).
  
  
  
The intercalation of molecules (H2O, NH3) and anions [SxOyz-], [CO32-] in the LDH interlayer let to more electrons could being transferred to the surface of the active sites of LDH [Ni1-xAlxOOH], stabilizing their high-valence states and increases the activity for the OER from the reversible redox pair Ni2+/Ni3. Zhou et al. (2018) showed that intercalated anions with strong reducing ability modify the electronic structure of surface metal sites and significantly improve the performance of the corresponding LDH for the OER with a linear relationship62, in the case of ions [SxOyz-] it increases from [S2O82−] to [SO32−].
Regarding NiOOH, it is a catalyst for OER under alkaline conditions and acts as an active center in the pair [Ni(OH)2]/[β-NiOOH] for the adsorption of [OH-]. Nickel is capable of acquiring valences (+2, +3, +3.6) making it susceptible to various electronic transitions and phase transformations, Eq. (34). The Ni(OH)2 has a large specific surface which favors contact between the active material and the electrolytic dissolution.59,70,71,72
    
Reactions of sulfide formation (NiS, Al2S3), the release of irritating gases (H2S) and the formation of deposits on the surface of the electrodes are considered. These deposits exert resistance to the passage of electrical current, reduce charge transfer, affect the efficiency of the process and the stability of the operation, Step 11.

3.5 Result of the operating cost estimate
The operating cost was estimated for electrode and electrical energy consumption for initial nickel concentration in the range 0.474≤Ni≤0.953 g·L-1, 9.8 mA cm-2, 60ºC, pH 8.6 and 98 % nickel removal, for a remainder between 6 and 19 mg·L-1 (table 7).

Table 7. Estimated operating costs for nickel removal by electrocoagulation
Base: 98 % removing, 9.8 mA cm-2, 60 ºC, pH 8.6
	Ni (mg·L-1)
	379
	447
	505
	646
	775
	953

	Cost ($·t-1 Ni)
	320
	382
	509
	521
	537
	534

	See (kW·h·kg-1Al)
	5.26
	6.33
	6.75
	5.11
	3.45
	2.76



The operating cost amounted to between 382 and 537 $·t-1 of nickel removed, where energy consumption represents between 15 and 30 % of the total. On the other hand, the specific energy consumption (Cee) was between 2.76 and 6.75 kW·h·kg-1 of aluminum. The increase in nickel concentration in the initial liquor augments the electrocoagulation time necessary to achieve high removal efficiency and therefore also increases energy and electrode consumption. The higher the concentration of ionic species in the liquor, the conductivity is favored and Cee decreases. 
According to the analyzed aspects of the removal mechanism, it is possible to reduce costs by designing a reactor with favorable geometric and hydrodynamic conditions to achieve adequate mass transfer between the phases. It also suggests recycling a suspension of the product obtained at the non-saturation conditions of the adsorption sites, according to the isotherm model to be followed.
4. Conclusions
The nickel removing by electrocoagulation from the liquor effluent of the nickel production plant in Punta-Gorda Cuba, Ni(II)-NH3-CO2-SO2-H2O system was studied, in order to determine the reaction kinetics, the adsorption isotherm, the mechanism and the preliminary cost of operation at different concentrations of dissolved nickel in the initial liquor.
In the interval defined for the operating variables, a removing efficiency between 97.7 and 99.7 % was obtained. A kinetic model of conversion time was proposed, which suggests that the process is determined by the combined effect of the resistances of the mechanisms: external diffusion, nucleation, and as controlling step the chemical reaction and a possible autocatalytic contribution. The removal was characterized by monolayer chemisorption at a finite number of specific adsorption sites, following the Langmuir isotherm.
The precipitate had between 33.4 and 40.7 % nickel and from 6.3 to 7.0 % aluminum, with a structure typical Ni/Al-LDH and phases impurities Al(OH)3, Ni(OH)2/NiOOH and nickel-aluminum spinels. 
The operating costs were between 382 and 537 $·t-1 of removed nickel, considering the energy and electrode consumption. The research represents the opportunity to diversify production, synthesize Ni/Al-LDH in situ, improve its properties and evaluate its applications for the projection of an industrial process.
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