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ABSTRACT

The aim of this work is modeling and optimizing the removal nickel ions from aqueous solutions on the phosphogypsum. For this, a
physicochemical study of the adsorption was carried out by studying the effect of some parameters on the clearance to aqueous solutions, in
particular the adsorbent dosage, contact time and initial Ni(ll) concentrations, on the adsorption capacity. The adsorption isotherms according
to the model of Langmuir, Freundlich and Temkin were studied. The obtained results show that the adsorption of Ni(ll) on the phosphogypsum
follows the Freundlich isotherm. A Central Composite Design (CCD) was applied to evaluate the interactive effects of adsorption variables and
to optimize the adsorption process of Ni(ll) ions from aqueous solutions onto phosphogypsum. The optimal condition obtained was located and
the optimum adsorption factors were predicted as a contact time of 19.02 min, initial Ni(Il) concentrations of 111.80 mg/l and an adsorbent
dosage of 13.90 g/I.
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INTRODUCTION

The heavy metals may be found in wastewater. Their presences are dangerous for people, are toxic at low concentrations and accumulate in the
body. Therefore, treatment of wastewater contaminated by heavy metals is an important environmental concern [1-3]. One of the important
heavy metals, Nickel(ll) finds its way into the water bodies through effluents from industries. It is toxic at high concentrations. It has harmful
effects on the living environment [4,5]. According to recommendations of World Health Organization (WHO) and the French legislation, the
limit concentration of nickel in drinking water is 20 mg/l [6]. Therefore, it is necessary to decrease the concentration of heavy metals to their
permissible limits before their discharge to the environment. The EPA requires nickel in drinking water not to exceed 0.04 mg/l [7]. Nickel was
selected as an adsorbate because its compounds have widespread applications in many industrial processes such as non-ferrous metal, mineral
processing, electroplating, batteries manufacturing and copper sulfate manufacture [8-10]. Some nickel compounds, such as nickel carbonyl, are
carcinogenic and easily absorbed by the skin [11].

The conventional methods which are commonly used for the removal of nickel from wastewater are physicochemical methods, such as ion
exchange, solvent extraction, reverse osmosis and precipitation [12-15]. However, most of these techniques have high operating costs, and in
some cases are limited in terms of removal efficiency of metals. Adsorption phosphogypsum is recognized as one of the best wastewater
treatment techniques contaminated by heavy metals [16,17].

Central Composite Design (CCD) is undoubtedly a good technique for studying the influence of major process parameters on response factor by
significantly reducing the number of experiments and optimization study using Response Surface Methodology (RSM) [18]. In this optimization
method, the analyzed parameter is changed; others are kept at a fixed level. The actual design consists of estimation of the coefficients in a
mathematical model, predicting the response, and checking the adequacy of the model. Essentially the widely used designs to find out response
surfaces are factorial designs and the more complex response surface methodologies [19,20].

In the present work, the adsorption of Ni(ll) ions by phosphogypsum was studied by investigating the influence of different process variables on
Ni(ll) uptake, such as contact time, adsorbent dosage and initial Ni(Il) concentration. The Langmuir, Freundlich and the Temkin models were
utilized for analysis of the adsorption equilibrium. We model and optimize the process using a CCD. The objective of this study was therefore to
examine the phosphogypsum to remove Ni(ll) ions from aqueous solutions according to CCD.
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MATERIALS AND METHODS

Preparation of adsorbent
The adsorbent phosphogypsum is a waste material of the dihydrate wet process phosphoric acid according to the following reaction:

Cay(POy), + 3H,S0, + 6H,0 — 3(CaSO,, 2H,0) + 2H,PO, (1)

The prepared solution was mechanically stirred at 80°C. After 1 h 30 min of maturation, the hot solution is filtered to recuperate the phosphoric
acid. Thereafter, the solid was washed with hot bidistilled water and pure acetone. It is finally dried at 80°C. Samples characterization before and
after nickel ion removal was conducted using X-ray Diffraction (XDR) and Infrared (IR) Spectroscopy.

Preparation of adsorbate solution

The concentrations of nickel in the solutions before and after equilibrium were determined by atomic absorption spectrometer. The pH of
solution was measured with a Hanna pH meter using a combined glass electrode.

Adsorption isotherm

Batch adsorption experiments were carried out in a 250 ml stopper conical flask by adding 1 g/100 ml- 6 g/100 ml of adsorbent and 200 mg/| of
nickel nitrate solution of specific concentration. The concentration of Ni(Il) solution was varied from 20-300 mg/l. All experiments were done at
ambient temperature. The samples were shaken in a mechanical shaker for a contact time ranging from 2-180 min. After each experiment, the
contents were filtered through a filter paper. Concentrations of nickel ions in the filtrate were then determined by atomic absorption
spectrometer. The amount of nickel adsorbed using the adsorbents phosphogypsum at equilibrium, Q. (mg/g), was calculated by the following
mass balance relationship:

_ (Co=Ce)V
m

Qe )

Where, Cyand C, are the initial and equilibrium liquid-phase concentrations of nickel, respectively (mg/l), V the volume of the solution (L), and
m is the weight adsorbate used (g).

Adsorption isotherm models

Adsorption isotherms are important to describe the adsorption mechanism of a solute on adsorbent surface thus aid in optimizing the design of a
specific adsorption process. In this study, Langmuir, Freundlich and Temkin adsorption models were used to determine the adsorption capacity
of phosphogypsum for Ni(ll). The following equations were used for describing the Langmuir, Freundlich and Temkin isotherms:

Langmuir isotherm

The Langmuir adsorption isotherm assumes that adsorption occurs at specific homogeneous sites within the adsorbent and the capacity of the
adsorbent is finite [21]. The Langmuir isotherm is given by Equation 3:

e L L Ce
%~ 5 | Qm ®)

Where, Q. (mg/g) is the amount of adsorbed species per unit weight of adsorbent and C, (mg/l) is unadsorbed concentration in solution at
equilibrium. b (L/mg) is the Langmuir equilibrium constant and Q,, (mg/g) the maximum adsorption capacity.
Freundlich isotherm

The Freundlich equation is an empirical model that was first used to describe gas and solute adsorption; it has also been used to describe ion
retention by adsorption and precipitation processes. This model does not predict an adsorption maximum and implies that the adsorption energy
of a surface varies with surface coverage [22]. The Freundlich isotherm is given by Equation 4:

logQ, = logKg + ilogce (4)
Where, Ke [(mg/g)/(mg/L)*™ and n are Freundlich isotherm constants that correspond to adsorption capacity and adsorption intensity,
respectively.
Temkin isotherm
The Temkin adsorption isotherm is based on the assumption that the heat of adsorption decreases linearly with the coverage due to the
interaction between adsorbate and adsorbent [23]. The Temkin isotherm is given by Equation 5:

Qe = BLnAg + BLn C, (5)

Where, B (RT/by, J/mol) is a constant related to the heat of adsorption, by is a Temkin isotherm constant, R (8.314 J.mol™.K™) is the gas
constant, T (K) is the absolute temperature, and Ay (L/g) is the Temkin isotherm equilibrium binding constant related to maximum binding
energy.

RESULTS AND DISCUSSION

Characterization of adsorbent before and after nickel ions removal

The graph in Figure 1 indicates the results of Fourier Transforms Infra-Red (FTIR) analysis of the adsorbents before and after reaction. The
water in phosphogypsum is detected at 3501, 3398, 1683 and 1617 cm™. The first region is explained by the presence of deformation modes of
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shear type which indicates the existence of types of water molecules. Consequently, water molecules in calcium sulfates are symmetric. In the
other side, spectral region between 1683 and 1617 cm™ indicates H-O-H bending vibration. The sulfate group determines the symmetry with
respect to the water molecules and is a high symmetry tetrahedral structure. In the case of phosphogypsum, sulfate peak is detected at 1095 cm’
(Table 1). The absorption band is asymmetric stretching band (v, SO,). Peaks at 664 and 594 cm™ of sulfate, respectively, are assigned to the
bending vibrations of phosphogypsum. The difference between the two intensities indicates that the symmetry is weakened by bounds with the
water molecules.

The decreasing vibration intensity around 3605, 3555 and 1617 cm™ Indicated the chemical interaction of Ni(ll) with the O-H groups of
phosphogypsum. Thus, the nickel atoms species mainly present as Ni(OH)™ and Ni(OH), were sorbed. The apparition of shoulder bands at
different intensities indicates the formation of new compounds and the modification of phosphogypsum crystalline structure. The insertion of
nickel on the surface of phosphogypsum particles led to the modification of characteristic absorption band of sulfate groups around 1083 cm™.

3500 3000 2500 2000 1500 1000 500
180 4 T T T T T T ™] 180

160

140

120

TRANSMITTANCE(T%)

100

80

—— IR spectra of Ni-loaded adsorbent
— IR spectra of pretreated adsorbent

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 1: Infrared spectra of adsorbent before and after adsorption of nickel ions

Table 1: IR frequencies of adsorbent before and after adsorption

Functional group Pretreated adsorbent Ni-loaded adsorbent
O-H symmetric stretch 3501,13 cm™* 3605,26 cm™”
O-H asymmetric stretch 3398,92 cm™* 3555,12 cm’®
0-H bending vibration 1683,55 cm™® -

O-H asymmetric elongation 1617,98 cm™ 1617,90 cm™
SO, asymmetric stretch 1095,36 cm™* 1083,79 cm™
P-OH symmetric stretch 836,95 cm™ 805,13 cm*

SO, asymmetric elongation 664,35 cm™ 648,92 cm?*

SO, asymmetric stretch 594,93 cm™ 601,50 cm™*

The XRD patterns of before and after adsorption of nickel ions is shown in Figure 2. The XRD shows that the major constituents of the pure
phosphogypsum are calcium sulfate di-hydrate (CaSO,.2H,0), located at 26=11°, 21°, 24°, and 29°, corresponding to the (0 2 0), (-12 1), (0 4 0)
and (-1 4 1) crystallographic planes, respectively, the hemi-hydrate (CaSO,.1/2 H,0), located at 26=26° and the characteristic peaks of brushite
(CaHPO,4.2H,0), located at 26=48°. After adsorption of nickel ions on phosphogypsum we observed the change in intensity; especially peaks at
20=21°, 24°, and 29°. Therefore, the shifts in the position of peaks indicate that Ni(II) ions are well associated with surface functionality of
phosphogypsum.
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Figure 2: X-ray diffraction patterns of adsorbent before and after the adsorption process
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Effect of contact time

Figure 3 is showing the result of the optimization of contact time. The maximum removal was found at 30 minu and beyond this no appreciable
improvement in removal was observed; therefore time optimized was 30 min.
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Figure 3: Effect of initial contact time (Initial concentration of Ni(l1), 200 mg/I; phosphogypsum dosage, 2 g/100 ml; pH 7.01)

Effect of adsorbent dosage

Figure 4 shows the effect of phosphogypsum concentration on Ni(ll) adsorption. The amount of Ni(ll) adsorbed by unit weight of the adsorbent
decreased. The decrease in the adsorbed amount with the increase in adsorbent concentration may result from the electrostatic interactions,
interference between binding sites and reduced mixing at higher concentration adsorbent [24].
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Figure 4: Effect of phosphogypsum dosage (Initial concentration of Ni(ll), 200 mg/l; Contact time: 40 min, Ph 7.01)

Effect of initial concentration

The effect of initial adsorbate concentration on the adsorption was investigated by varying the initial concentration of Ni(ll) between 20 and 300
mg/l. The experimental data were illustrated in Figure 5. It was observed that Ni(ll) adsorption increased with the increase in Ni(ll)
concentration for the concentration range of 20-300 mg/I. This increase may be due to the higher adsorption rate and the utilization of all the
active sites available for the adsorption at higher concentration [25,26].
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Figure 5: Effect of initial Ni(l1) concentration (phosphogypsum dosage, 2 g/100 ml; Contact time: 40 min, pH 7.01)
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Isotherm study

Figure 6 shows the adsorption isotherms for the adsorption of Ni(ll) ions onto phosphogypsum adsorbent at optimum conditions with some
Ni(ll) concentrations ranging from 20 to 300 mg/l. The equilibrium adsorption isotherm models such as, Langmuir; Freundlich and Temkin
isotherms were applied to interpret the experimental data and understanding the adsorption mechanism.
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Figure 6: The equilibrium isotherms (a) Langmuir, (b) Freundlich, (c) Temkin, for adsorption of Ni(ll) ions on phosphogypsum

The adsorption constants and correlation coefficients of the Langmuir, Freundlich and Temkin isotherm were given in Table 2. The correlation coefficients of
Langmuir, Freundlich and Temkin models are 0.610, 0.934 and 0.724, respectively. The results showed that Freundlich model with the highest value of correlation
coefficient (R?=0.934) fitted better than other isotherm models, indicating that adsorption process occurs as multilayer coverage on the heterogeneous surface of
adsorbent due to the diversity of adsorption sites [27]. From Table 1 the Freundlich constants K¢ and n were found to be 0.006 and 0.70 respectively. As a result, it
can be concluded that as the 1/n (1/n > 1) value for the adsorption by phosphogypsum is more than unity, a physical adsorption rather than chemical is probably
dominant in Ni (II) adsorption by phosphogypsum.

Table 2: I1sotherm constant parameters and correlation coefficients calculated for the adsorption Ni(ll) ions on phosphogypsum

Isotherm model Parameters Ni(l1)

Qmax (mg/g) -4,20
Langmuir b (L/mg) -0.005

R? 0,610

n 0,70

Freundlich ke (mg/g)/(mg/)*" 0,006
R? 0,934

B 3,077

Temkin Ar(L/g) 0,05

R? 0,724

Modeling and optimization of Ni(ll) sorption

In the present study, a CCD was employed for determining the optimum conditions for the adsorption of nickel by phosphogypsum. According
to this design, the total number of treatment combinations was 2%+2.k+N, where 'k’ is the number of independent variables and ‘N’ is the number
of repetitions of the experiments at the centre point. For this study, a 2° factorial design with six star points and six replicates at the central points
were employed to fit the Second order polynomial model, which indicate that 20 experimental were required for three factors (Adsorbent dosage,
contact time and initial Ni(Il) concentration). The amount of nickel removal (Y) was taken as the response of the design experiments. The
quadratic equation for the independent variables was expressed as follows:

Y = ag+ ar Xy + 3%, + 3Xa+ apXoXo + a15X1 Xa + 25X Xa + 8 Xi? + apX,” + ageXy't €. (6)
Where a, represents the interception coefficient, a; a, and a are the linear coefficients, a;;, ax, and ag; are the quadratic coefficients, a;,, a;3 and
ay3 IS the cross-product coefficients, X; X, and X3 represent the independent variables studied and e is the random error. The various factors that

influence the adsorption of Ni(ll) on the adsorbent is shown in Table 3.

Table 3: Coded and actual values for nickel (I1)

. Range and levels (coded)
Factors Variables 1682 1 0 ) 1682
[PG] (g/1) X1 6.59 10 15 20 23.40
t (min) X, 3.18 10 20 30 36.81
[Ni(1] (mg/1) X3 65.91 100 150 200 234.08

Tables 4 and 5 present the various experiments based on the central composite design for various factors and the results of calculations of the
model coefficients respectively, that influence the adsorption of Ni(ll) on the phosphogypsum.
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Table 4: Central composite design experiments and experimental results

Experiment Real values (coded values) Responses (Q(mg/g))
number X1([PG]) Xz(t) X3([N i (| |)]) Yexgerimental Y calculi Yexp‘YcaIc
1 10(-1) 10(-1) 100 (-1) 3.17 2.83 0.33
2 20 (+1) 10(-1) 100 (-1) 1.42 2.22 -0.80
3 10(-1) 30 (+1) 100 (-1) 2.22 2.16 0.05
4 20 (+1) 30 (+1) 100 (-1) 1.62 2.19 -0.57
5 10(-1) 10(-1) 200 (+1) 8.74 8.77 -0.03
6 20 (+1) 10(-1) 200 (+1) 432 4.99 -0.67
7 10(-1) 30 (+1) 200 (+1) 8.73 8.54 0.18
8 20 (+1) 30 (+1) 200 (+1) 4.44 5.39 -0.95
9 6.59 (-a) 20(0) 150 (0) 2.87 3.48 -0.61
10 23.40 (+a.) 20(0) 150 (0) 1.82 0.33 1.49
11 15(0) 3.18 (-a) 150 (0) 3.99 3.59 0.40
12 15(0) 36.81 (+a.) 150 (0) 3.84 3.37 0.47
13 15(0) 20(0) 65.91 (-a.) 4.84 455 0.29
14 15(0) 20(0) 234.08 (+a) 12.82 12.23 0.58
15 15(0) 20(0) 150 (0) 3.81 3.84 -0.03
16 15(0) 20(0) 150 (0) 3.83 3.84 -0.01
17 15(0) 20(0) 150 (0) 3.82 3.84 -0.02
18 15(0) 20(0) 150 (0) 3.82 3.84 -0.02
19 15(0) 20(0) 150 (0) 3.82 3.84 -0.02
20 15(0) 20(0) 150 (0) 3.82 3.84 -0.02

Table 5: ANOVA test for central composite design model Ni(ll) adsorption

Parameter | Coefficient estimate t. exp. Signification (%)
ap 3.845 1491 <0.01™
a; -0.939 -548.76 <0.01""
a, -0.065 -38.18 <0.017"
a3 2.286 1336 <0.017"
ap -0.684 -410.66 <0.01™
az -0.129 -77.49 <0.017"
a33 1.609 965.55 <0.017"
a, 0.160 71.55 <0.017"
a3 -0.795 -355.53 <0.017"
a3 0.108 48.08 <0.01™"

The result of the quadratic model in the form of ANOVA showed small probability value (< 0.017") indicating the individual terms in the model
have signification on the effect (The associated signification % value for the model is lower than 5% (0=0.05 or 95% confidence) indicates that
the model is considered to be statistically signification. The non-signification value is more than 5%) (Table 5). The empirical relationship
between nickel ion removal (Y) and the three test variables in coded units obtained is given by:

Y=13.84-0.93X; + 0.06X, + 2.28X;3 + 0.16 X1, — 0.79X33 + 0.10Xy3 — 0.68X,% — 0.12X,2+ 1.60X32  (7)

Effect of process variable on nickel ion adsorption

The mathematical model above is found for plotting the response surfaces which are shown in Figure 7a-c which respectively represent the
isoresponse adsorption curves in the plans: ([PG] (X1)" (Contact time) (X)), ((Contact time) (X,)" [Ni (11)] (X3) and [Ni (11)] (X3) *([PG] (X4)).
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Figure 7: Isoresponse curves adsorption of nickel (11) on phosphogypsum: (a) Effect of adsorbent dosage and contact time ([Ni (I1)] initial=150 mg/l); (b)
Effect of contact time and initial Ni(ll) concentration ([PG]=15 g/l); (c) Effect of initial Ni(ll) concentration and adsorbent dosage on the amount of nickel
(mg/g) (t=20 min)
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From this figure we see that:

e  The amount of nickel Q. (mg/g) increases with increasing the initial nickel ion concentration and decrease with increase in adsorbent
dosage

e The effect of contact time has no effect on the amount of nickel Q. (mg/g).

e  The model equation is useful in indicating the direction in which the variables should be changed in order to optimize the removal
efficiency of Ni(ll). A combination of optimum experimental values in coded form was found for each parameter by differentials for
removal efficiency of Ni (1) as follows:

ay

(a_Xl =0-X; = —0.21 (coded Values))
{ ;—;2 =0 - X, = —0.19 (coded values) (8)

La_y =0 - X3 = —0.76 (coded values) |
X3

Thus, the working conditions at the optimum point for removal efficiency of Ni(ll) were determined as follows:
[PG]=13.90 g/l

t=19.02 min
[Ni(11)]=111.80 mg/I
CONCLUSION

The phosphogypsum powder is an effective adsorbent for the removal of Ni(Il) from aqueous solutions. The study indicates the performance of
this material in terms of adsorbent dosage, contact time and initial Ni (Il) concentration. The maximum removal of Ni(ll) is obtained at
equilibrium time of 30 min white a minimal dosage of absorbent. The uptake capacity of Ni(ll) increased with the increase in initial metal ions
concentration and decrease with increase in adsorbent dosage. Freundlich model gives a better fit. An experimental design methodology (CCD)
was applied to evaluate the interactive effects of adsorption variables and to optimize the adsorption process of Ni(ll) ions from aqueous
solutions onto phosphogypsum. The optimal condition obtained was located and the optimum adsorption factors were predicted as a contact time
of 19.02 min, an adsorbent dosage of 13.90 g/l and initial Ni(Il) concentrations of 111.80 mg/I. Under these adsorption conditions, a maximum
removal of 3.08 mg/g (+ 0.01) amount of nickel removal was demonstrated. Hence, the phosphogypsum can be used for effluent containing Ni
(1) ions.

REFERENCES

[1] B. Qin, H. Luo, G. Liu, S. Chen, Y. Hou, Y. Luo, Bioresour. Technol., 2012, 121, 458.

[2] M.A.O. Badmus, T.O.K Audu, B.U. Anyata, Afr. J. Biotechnol., 2007, 6, 238-242.

[3] M.G.A. Vieira, A.F.A. Neto, M.L. Gimenes, M.G.C. Dasilva, J. Hazard. Mater., 2010, 177, 544-548.

[4] F. Costa, T. Tavares, Int. Biodeterior. Biodegradation., 2016, 115, 119.

[5] R. Singh, N. Gautam, A. Mishra, R. Gupta, Indian J. Pharmacol., 2011, 43, 246.

[6] WHO, World Health Organization, Guidelines for drinking water quality, Geneva, 2004, 3, 1.

[7] X.S. Wang, Open Environ. Pollut. Toxicol. J., 2009, 1, 107.

[8] M. El-Sadaawy, O. Abdelwahab, Alexandria Eng. J., 2014 53, 400.

[9] T. Mohanapriya, P.E. Kumar, Int. J. Sci. Res., 2015, 4, 1439.

[10] S.S. Ghazya, A.A.H. ElI-Asmya, A.M. EL-Nokrashyb, Int. J. Ind. Chem., 2011, 2, 242-252.

[11] M. Cempel, G. Nikel, Polish J. Environ. Stud., 2006, 15, 375-382.

[12] V.K. Gupta, C.K. Jain, I. Ali, M. Sharma, V.K. Saini, Water Res., 2003, 37, 4038.

[13] M. Amini, H. Younesi, N. Bahramifar, Chemosphere., 2009, 75, 1438.

[14] C.G. Lee, S. Lee, J.A. Park, C. Park, S.J. Lee, S.B. Kim, B. An, S.T. Yun, S.H. Lee, J.W. Choi, Chemosphere., 2017, 166, 204.
[15] R. Sudha, K. Srinivasan, P. Premkumar, Ecotoxicol. Environ. Saf., 2015, 117, 115.

[16] H. Cesur, N. Balkaya, Chem. Eng. J., 2007, 131, 205.

[17] D. Chafik, R. Bchitou, A. Bouhaouss, Asian J. Chem., 2014, 26, 8590.

[18] M. Fereidouni, A. Daneshi, H. Younesi, J. Hazard. Mater., 2009, 168, 1438.

[19] K. Kalantari, M.B. Ahmad, H.R.F. Masoumi, K. Shameli, M. Basri, R. Khandanlou, Int. J. Mol. Sci., 2014, 15, 12915.
[20] A. Witek-Krowiak, K. Chojnacka, D. Podstawczyk, A. Dawiec, K. Pokomeda, Bioresource Technol., 2014, 160, 151.
[21] I. Lakhdhar, D. Belosinschi, P. Mangin, B. Chabot, J. Environ. Chem. Eng., 2016, 4, 3161.

[22] H.S. Shin, J.H. Kim, Process Biochem., 2016, 51, 919.

[23] M.J. Temkin, V. Pyzhev, Acta. Physiochim., 1940, 12, 327-356.

[24] E. Fourest, J.C. Roux, Appl. Microbiol. Biotechnol., 1992, 37, 401.

[25] M. Arshadi, M.J. Amiri, S. Mousavi, Water Resour. Ind., 2014, 6, 1-17.

[26] P. Senthil kumar, K. Kirthika, J. Eng. Sci. Tech., 2009, 4, 361.

[27] A. Shanmugapriya, M. Hemalatha, B. Scholastica, T. Augustine Arul Prasad, Der Pharma Chem., 2013, 5, 141-155.

83


http://www.sciencedirect.com/science/article/pii/S1110016814000350#b0005
http://www.sciencedirect.com/science/journal/11100168/53/2
http://www.sciencedirect.com/science/article/pii/S1110016814000350#b0005
http://www.sciencedirect.com/science/article/pii/S1110016814000350#b0005
http://www.sciencedirect.com/science/article/pii/S1110016814000350#b0005
http://www.sciencedirect.com/science/journal/22133437
http://www.sciencedirect.com/science/journal/22123717/6/supp/C

