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INTRODUCTION

As a result of the rapid progress of technology, obtaining of new materials with
designed properties for the recovery of precious metals has become an important target of
science. The strategies for obtaining these materials have undergone changes in line with the
new economic and environmental requirements.

Many modern methods of recovery of precious metals have been developed, some of
them have already been implemented on an industrial scale. The recovery of precious metals
by adsorption on a variety of solid substrates has consistently gained increased attention in
recent years. Particular attention has been paid to studies on the characterization of adsorption
properties of materials with affinity for gold and palladium depending on the nature of the active
groups present in the material structure.

The main objective of the research was to obtain new materials with functionality
designed so to obtain materials with selective adsorption properties. Thus, new adsorbent
materials were obtained by functionalizing by impregnation some inert solid supports, with
extractants whose active groups are with nitrogen, carboxyl and sulfur. The target was the
recovery by adsorption of gold and palladium from used solutions generated from industrial
processes.

The studies in this doctoral thesis took into account a series of materials with
high/selective adsorbent properties for the recovery of Au(lll) and Pd(Il) from the used
solutions. Thus, 80 materials were synthesized by impregnation functionalization, using the
ultrasonication method and the dry method - SIR (Solvent Impregnated Resin), of a solid
support of inorganic nature — MgSiOs, of two solid supports of organic nature from the class of
commercial polymers - polymer resin of type Amberilte XAD7 (acrylic matrix) and resin of
Amberlite XAD4 type (styrene matrix- divinylbenzene) and of a biopolymer - cellulose. The
amino acids L-cysteine (C3H7NO>S) and L-glutamic acid (CsHoNOs) were used as a source of
functional groups (extractants).

The new materials obtained by functionalization were characterized by physic-chemical

methods. The adsorption properties of the new materials for the recovery of Au(l11) and Pd(I1)
were highlighted. For this, adsorption studies have been performed in static and dynamic
regime. The parameters influencing the adsorption process, respectively the adsorption
capacity, have been studied, namely:
(i) for static adsorption, the following have been studied: the ratio solid: liquid, pH of the
solutions, contact time, temperature and initial concentration of metal ions in the waste solution;
(ii) for dynamic adsorption, the following have been studied: the height of the material layer in
the fixed bed adsorption column, the contact time in the adsorption column, the flow rate of the
solutions containing the ions of precious metals.

In order to establish the mechanism of the adsorption process, kinetic studies,
thermodynamics and equilibrium studies have been carried out.

In addition, in order to highlight the feasibility of the obtained materials, adsorption-
desorption studies were carried out and the number of adsorption-desorption cycles was
established.

The proposal for the recovery process of gold and palladium ions in metallic form from
the exhausted adsorbent material is another target of this study.

In order to design adsorption processes on an industrial scale, the experimental data
were optimized by factorial experiment; the objective function (in this case, the adsorption
capacity) defines and quantitatively evaluates the behavior and trends of evolution of the
adsorption process under investigation, starting from several controllable factors (pH, contact
time, temperature, initial concentration of the metal ion in solution).



The structure of the thesis consists of 2 parts and 9 chapters, includes 42 tables and 100
figures, accompanied by 357 bibliographic references.

Part | refers to the study of literature and includes 4 chapters.

Part 1l contains the original contributions, the final conclusions, the bibliographical
references and is structured throughout chapters 5 to 9.

CHAPTER 5. OBTAINING AND PHYSICOCHEMICAL CHARACTERIZATION OF
THE MATERIALS OBTAINED BY FUNCTIONALIZATION BY IMPREGNATION

In order to improve the adsorbent properties of materials, in particular their adsorption
capacity, adsorption being a common method of recovering metal ions from used solutions, the
functionalization by impregnation of inert supports of organic or inorganic nature with active
groups of N, P, S or -COOH is increasingly used.

Obtaining materials through functionalization

The materials studied for the adsorption recovery of Au(lll) and Pd(Il) were obtained
by impregnation functionalization using the SIR (Solvent impregnated resin) method [292], but
also by ultrasonication [293]. The method of obtaining the new materials was selected
according to the adsorption capacity, selectivity, physico-chemical resistance in the aqueous
environment, economic efficiency and the possibility of regeneration.

80 materials were synthesized, as follows:

- as a support were used: two commercial resins of the type Amberlite XAD4 (styrene-
divinylbenzene matrix) and Amberlite XAD7 (acrylic matrix), an inorganic support -
magnesium silicate, MgSiOs and a biopolymer - cellulose (C);

- amino acids were used as extractants: L-glutamic acid (AcLG) and L-cysteine (LCys);

- the support per mass ratio was varied: extractant, namely 1 g of support: (0,05; 0,10; 0,15;
0,20 and 0,30) g extractant.

- the synthesized materials were dried at 323 K for 24 h.

The following have been obtained:

Table 5.1 Table 5.3
Adsorbtion capacity, q [mg/g] Adsorbtion capacity, q [mg/g]
- ) 5:”‘“”" e Support
Mo | rotls | AmberiteXAoa | Amberite XAD7 Wi, Celiase o | M e A | AremeRD7 TP oo
D S T BT T T T B AT e R T T (1 T e T T
! 1:00% 1293 08 249 021 083 027 o4 023 1 1:0.05 1.96 1.04 2.51 0.25 0.99 0.30 175 0.95
2. 1:0.10 235 1.02 250 0.22 0.83 031 1.06 045
2. 1:010 199 120 253 0.32 123 0.32 188 0.98
3. 1:04a5 2,36 103 2.50 0.23 0.85 032 107 0.45 - e T L
3 1:015 0 121 254 033 124 033 230 0.98
5, 1:0.30 2.0 1.22 2.54 0.33 1.25 0.33 2.48 0.76
Adsorption capacity of materials which are obtained by Adsorption capacity of materials which are obtained by
functionalisation by the SIR method (Table 5.1, Table 5.2) ultarsonation functionalization (Table 5.3, Table 5.4)
Table 5.2 Table 5.4

Adsarbtion capacity, g [me/g] Adsorbtion capacity, q [mg/g]

Support Support

Mass
No. rati Amberlite XADd4 Amberlite XAD7 Mgsi0; Cellulose

Tl Aufin] Pd{in) Aufiiry Pd(ll) Aulil) Pdil)y Aufin] Pd{in) suppart
[ wulin) i) u dli) o} d il il Ly Al Pl Aulllly e | Awiy | P | Augn P}

Ho. ratio Amberlite XAD4 Amberlite XADT MEgSiO; Cellulase

1:008 197 123 130 035 164 227 148 0.05

1:005 199 181 215 1.00 165 233 213 1.00

1:010 208 122 137 0.4 172 233 143 150

1:010 238 185 232 116 172 238 228 1.58

137 052 172 234 145 150

S
B

1:020 208 L2 138 052 171 234 146 151

1:020 218 186 233 116 172 238 233 158

1
2
3. 1:015 218 186 231 116 172 238 234 158
a,
5,

1:030 208 122 138 052 171 234 146 151

1:030 205 186 2.00 1.06 172 238 233 158

Thus, the support mass ratio: the optimal extractant to obtain the highest adsorption
capacity was the support ratio : extractant =1 : 0.1 g/g. Ultrasonication is a faster process (the



functionalization time by impregnation is 10 min) compared to the SIR method (the
functionalization time by impregnation is 24h) so that the subsequent synthesises were achieved
by functionalization by ultrasonication.

Physico-chemical characterization of materials obtained by functionalization by
impregnation

The materials which are obtained by functionalization, selected for subsequent studies,
were characterized by different physicochemical methods, namely: (i) scanning electron
microscopy, SEM, (ii) X-ray spectroscopy with energy dispersion, EDX, (iii) infrared
spectroscopy with fourier transform, FT-IR and (iv) atomic force microscopy, AFM. It was
determined the specific area and the volume of pores by bet method (Brunauer-Emmet-Teller).
At the same time, the zero load point, pHpzc [297], was established.

Morphological and structural analysis by scanning electron microscopy, SEM and
energy dispersion X-ray spectroscopy, EDX:

Elem Wt % At %
C 53.47 66.24
0 46.53 33.76
Total 100.000 100.00
a
o
Na
200 400 wov

(@) SEM image and EDX spectrum for Amberlite XAD7 solid support

c

[ Elem | Wt %
e 68.59
N 5.83
=) 25.58
[Totai | 100.00

At %
74.26

1.70 |
24.04 |
100.00 |

(b) SEM image and EDX spectrum for XAD7-AcLG material

Figure 5.2. Scanning electron microscopy, SEM [337] and energy dispersion X-ray spectroscopy, EDX for XAD7 solid support (a) and
XAD7-AcLG material (b) [297]
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(@) SEM image and EDX spectrum for MgSiO; solid support

b) SEM image and EDX spectrum for MgSiOs-LCys material

Figure 5.3. Scanning electron microscopy, SEM and energy dispersion X-ray spectroscopy, EDX for MgSiO3 support (a)
and MgSiO;-LCys material (b) [303]



After the functionalization by impregnation, it was noticed that on the surface of the
resin particles of type Amberlite XAD7 there were morphological changes specific to the
presence of L-glutamic acid, and from the semi-quantitative analysis (EDX) of the XAD7-
AcLG material it was observed the presence of a quantity of nitrogen (5,83%) specific to the -
NH:2 group, which confirms the functionalization of the polymeric support with L-glutamic acid
(Figure 5.3.a) [297].

In the case of MgSiOs-LCys material, the SEM image shows small morphological
changes after functionalization (Figure 5.3.b), changes that can be attributed to the presence of
the amino acid L-cysteine.

At the same time, the EDX spectra confirm the presence of specific extractant picks: S,
N, C from the functional groups —SH, -NH2 and -COOH and specific to the support used: Si,
O and Mg (MgSiOs) [303].

Infrared spectroscopy with Fourier transform, FT-IR:
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Figure 5.4. Recorded FT-IR spectrum for XAD7(a) and for the material
XAD7-AcLG(b) [297] XAD7-AcLG(b) [297]
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Figure 5.5. Recorded FT-IR spectrum for the support MgSiOs(a) and the material MgSiOs-LCys(b) [303]

From the FT-IR spectrum recorded for the support material Amberlite-XAD7,
represented in Figure 5.4.a), it can be seen that around the wave number of 3440cm™, an
absorption band specific to the stretching vibration of the group -OH appears, then at the wave
numbers 2969 cm™, 2890 cm?, 1469 cm™ and 1389 cm™, vibrations specific to the grouping -
CH aliphatic occur, and at the wave numbers 1732 cm™, 1263 cm™ with shoulders at 1294 cm-
Land 1317 cm™? and at 1151 cm™ there appear vibrations specific to the connection =CO, all
these vibrations being specific to the Amberlite XAD7 resin [297, 304, 305]. From the FT-IR
spectrum represented in Figure 5.4.b), recorded for XAD7-AcLG material at the wave number
3540 cm?, vibrations specific to the grouping -NH are observed. Around the wave number 3000
cm? there appear vibrations specific to the group —OH, and in the range of 1641-1353 cm*
there appear vibrations specific to the bond =CO from the -COOH group or asymmetric
vibrations of the group =CO from -COOQOH, specific to the amino acid L-glutamic [209, 297].



From the FT-IR spectrum represented in Figure 5.5.a) for MgSiOs it can be seen that
around the wave number 1032 cm™, an absorption band specific to the stretching vibration of
the O-Si-O group appears [307]. From the FT-IR spectrum represented in Figure 5.5.b) for the
MgSiOs-LCys material it can be seen that around the wave number 1395 cm™ there are
vibrations specific to the C=0 link from the -COOH group, at the wave number 1380 cm™ there
are vibrations specific to the Aliphatic C-H group, at the wave number 2550 cm, specific
vibrations of the S-H group appear, and at the wave number 1600 cm™? there are observed
vibrations specific to the N-H group that highlight the functionalization of the MgSiOs support
with L-cysteine-specific groups.

Experimental data on the specific surface area and pore volume are presented in Table
5.5.

Table 5.5. Surface area and total pore volume for XAD7, XAD7-AcLG, MgSiO; and MgSiO3-LCys

Material Surface, Total pore volume, [cm®/g]

[m*/g]

XAD7 300.00 0.44
XAD7-AclG 275.00 0.48
MgSiOs 289.00 0.33
MgSiOs-LCys 166.00 0.43

The total pore volume for XAD7-AcLG and MgSiOs-LCys materials increases
following the functionalization of the supports, which confirms that the extractants penetrate
inside the pore of the supports.

Atomic force microscopy, AFM:
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Figure 5.8. 2D(a) and 3D(b) views for XAD7-AcLG material on a surface

(25 pm x 25 pm); Z = 1,9 pm in the 3D representation [310]
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Figure 5.11. 2D(a) and 3D(b) views of MgSiOs-LCys material on a surface
(10 pm x 10 um); Z = 0.3857 pum in the 3D representation

AFM is one of the most used techniques of scanning probe microscopy (SPM- Scanning
Probe Microscopy) and has been used for the topographical analysis of the surfaces of materials
obtained by functionalization XAD7-AcLG and MgSiOs-LCys, thus highlighting the
morphological changes due to the chemical functionalization of these new materials.



Determination of zero load potential, pHpzc:
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pHsina dependence on pHinisia for XAD7-AcLG material (Figure 5.20) and MgSiO3-LCys material (Figure 5.21)
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Knowing of the acid-base properties of adsorbent material XAD7-AcLG and MgSiOs-
LCys it could be generate information on their use. Based on the determination of the pHpzc it
was established that the XAD7-AcLG material has pHpzc~4, and the MgSiOs-LCys material
has pHpzc~6,2; cation adsorption is favored at pH values > pHpzc and adsorption of anions is
favored at pH values < pHpzc.

CHAPTERS 6 AND 7. APPLICATIONS OF XAD7-AcLG MATERIAL FOR THE
ADSORPTION RECOVERY OF Au(lll) AND MgSiO3-LCys MATERIAL FOR THE
RECOVERY OF Pd(Il) FROM WASTE SOLUTIONS

Recovery of Au(l11) and Pd(I1) from waste solutions by static adsorption

In static mode, in order to establish the conditions under which the gold and palladium
ions can be recovered from the used solutions, by adsorption, the role of the process-specific
parameters was studied, namely: the ratio S : L, the pH of the solution containing the metal
ions, the contact time, the temperature and the initial concentration of the solutions containing

Au(l11) and Pd(I).
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The following were found:

- the maximum efficiency of the adsorption process of Au and Pd ions is at the ratio S : L =
0,19 : 25 mL;

- the contact time affects the adsorption process and has been set to be 60 min;

- the adsorption of Au ions proceeds with a good adsorption capacity at pH < 4 and Pd ions at
pH<3;

- the maximum adsorption capacity of the XAD7-AcLG material is 14.23 mg Au(l11)/g, for an
initial au(111) concentration of ~75 mg Au(l1)/L;

- and mgSiO3-LCys material is 9.23 mg Pd(11)/g for an initial concentration of Pd(I1) of ~40
mg Pd(I1)/L.

In order to describe the adsorption mechanism of Au(lll) and Pd(Il) on the two
materials, XAD7-AcLG and MgSiOsz-LCys, respectively, Kkinetic, thermodynamic and
equilibrium studies have been carried out. The influence of the contact time, temperature, initial
concentration of metal ions on the adsorption capacity, the activation energy value was
monitored and the model of the mechanism that describes with the best accuracy the adsorption
process studied was established.

The pseudo-arder-one kinetic pattern The pseudo-order-two kinetic pattern
1 o U] (A ke
e S e/ S (S - - e
[min] o [me/e) [&/mg:min] Ime/g]
' 298 14,2300 0,0047 5,4500 0,7626 14,2300 36,7400 11,8200 0,9309
3 308 14,2400 0,0061 5,2400 07125 14,2400 41,9300 12,2500 0,9561
318 14,2500 0,0069 5,2500 0,6372 14,2500 47,4600 12,2500 10,9680
a) b) Table 6.5. Kinetic data obtained in the recovery process
Figure 6.6. The pseudo-order-one(a) Kinetic pattern, and of Au(ll) by adsorption on XAD7-AcLG material
pseudo-order-two (b) for the recovery process of Au(lll) by
adsorption on XAD7-AcLG material
mx The pseudo-order-one kinetic pattern The pseudo-order-two kinetic pattern
Temperatura (K} = = - & =
donlmefe] w -
fmin®) | (mg/s] [me/el | (g/mgmin) | (ma/s)
g 298 0.99 0.0049 118 0.7526 0.99 0.0974 i 0.9941
308 121 | 0.0055 132 | 07198 121 02515 | 119 0.9979
318 155 | 00171 174 | 09270 155 04894 | 140 0.9994
a) b) Tabel 7.5. The kinetic data which are obtained in the recovery process
Fig. 7.6. The pseudo-order-one(a) kinetic pattern, and of Pd(I1) by adsorption on MgSiOs-LCys material

pseudo-order-two (b) for the recovery process of Pd(I1) by
adsorption on MgSiO3-LCys material

From the kinetic studies it has been found that the order-two pseudo kinetic model is
one of the best models for the experimental data; this is apparent from the values of the
coefficient of determination R2, which is close to the value 1 both in the case of retension
Au(lll) and in the case of retention of Pd(l1).

Based on the experimental data, the activation energy was calculated, it is 10.07 KJ/mol
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for the recovery process by adsorption of Au ions on the XAD7-AcLG material and 15.6 KJ/mol
for the adsorption recovery process of Pd ions on MgSiOs-LCys material. These values being
higher than 8 kJ/mol, it is considered that the adsorption process is of a physico-chemical nature.

1] 0 |- 2
o ol | A, UjmolK) 468, (Wil ¥ e B
2, [k! ] = I
28K 308K 318K e paLinay

1543 558 09718 298K 308K S18%
12 ER;] o5 15.4 81.06 0.9963

872 -9.53 -10.34

a) — Table 6.6 b) — Table 7.6

Thermodynamic parameters for the Au(l11) adsorption recovery process on XAD7-AcLG material (a — Table 6.6)
and a Pd(l1) on MgSiO3-LCys (b — Table 7.6)

Thermodynamic parameters were determined from the slope of the line and value at
origin of the linear representation of In Kq= f(1/T); thus, it was established that the processes
of recovery of gold and palladium ions by adsorption are:

- endothermic processes -> because the values of variation of the free enthalpy AH® are positive;
- are spontaneous processes -> because the values of the free energy variation Gibbs AG® ,
calculated from the experimental data, are negative and in absolute value increase with the
temperature;

- are processes of physico-chemical nature, taking place at the solid-liquid interface - > given
the positive values of the free entropy variation AS°.

The mechanism of the Au(lll) adsorption process on XAD7-AcLG material and
Pd(I1) on MgSiOz-LCys material was established using Langmuir, Freundlich and Sips models.
The parameters specific to each isothermal used to model the experimental data are obtained
from the slope of the straight and ordered at the origin.

Capacitatea de adsorbtie, mgfg

4
f

—— sips
Langmuir
Freungiich

Con

Fig. 6.9. Adsorption isotHerhéls 'f(')r’t-he absortion

niratia 2 echilibru, mg)

process of Au(l11) on XAD7-AcLG material

Capacitatea de adsorbiie, maig

[

Conceniratia de echilibry, mgil

122300

Adsarprion isotherm parameters

17.6000

01700

09557

3.7600

03300

0.8004

@& [mefel

145000

03200

m

07100

W

04972

Table 6.7. Parameters of the adsorption isothermals for the recovery

absorption process of Au(lll) on the material XAD7-AcLG

awn (me/gl

The isatherms

Paramaters

& [ma/g]

K. (gl

08688

Frsundlich

e [mg/g]

13300

05500

& [mef)

56700

w

22000

63902

Table 7.7. Parameters of the adsorption isothermals for the absorption

Fig. 7.9. Adsorption isothermals for the absortion
recovery process of Pd(ll) on the material MgSiOs-LCys

recovery process of Pd(ll) on the material XAD7-AcLG

It has been found that it is the Sips isothermal that best shapes the experimental data
obtained, since the coefficient of determination R? is ~ 1 both for Au(I11) and in the case of
adsorption retention of Pd(ll).
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Recovery of Au(l11) and Pd(Il) from waste solutions by dynamic adsorption

In dynamic mode, studies have been carried out on the recovery of Au(lll) and Pd(1l)
from the waste solutions by the adsorption process in the fixed-bed adsorption column, a
process shown schematically in Figure 6.10.

Important parameters for evaluating the efficiency of the adsorbent material used in
dynamic regime are: effluent flow in the column, height of the fixed layer and time.

In order to determine the adsorption mechanism of Au(l11) and Pd(11) and to design the
adsorption process in dynamic mode, it is necessary to know the evolution of the residual
concentration of the effluent at a given time.

The performances of the adsorption process in the fixed bed adsorption column are
evidenced by the study of the penetration curves, i.e. by the evolution of the residual
concentration of metal ions in relation to their initial concentration (Crez/Co) as a function of the
effluent volume passed through the column, for distinct quantities of adsorbent material.

- goptainer with metal ion solution
peristalli pump

adsorption. column with fixed bed
- gontaingr for collecting the solution 49

B —

Fig. 6.11 Graphical representation of penetration  Fig. 7.10 Graphical representafion of penetration
curves for adsorption of Au(l11) on curves for Pd(11) adsorption on MgSiOs-LCys
XAD7-AcLG function of effluent volume MgSiOs-LCys depending on the effluent volume

Fig. 6.10 The scheme of the adsorption
process in dynamic regime, in column
with fixed bed

The obtained experimental data are used at correlating the volume of effluent passed
over the quantities, respectively, different heights of adsorbent materials, with the time it takes
to pierce the adsorption columns. These data were modeled with three mathematical models,
namely, the Bohart-Adams model, the Yoon-Nelson model and the Thomas model.
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Table 6.9. Parameters of the A(111) adsorption recovery process
dynamic mode in fixed bed adsorption column

Table 7.9. Parameters of the adsorption process Pd(11) recovery
in dynamic mode, in fixed bed adsorption column

From the data base of the parameters of the recovery processes of Au(l11) and Pd(ll) in
dynamic mode in fixed bed adsorption column, it is noted that all three applied models
described the adsorption of Au(lll) on the XAD7-AcLG material in a good way and,
respectively, of Pd(11) on MgSiOz-LCys, depending on the variation in the amount of adsorbent
material, respectively, by the variation in the height of the adsorbent layer.

For all mathematical models used, the coefficient of determination R? has values close
to the value 1, which demonstrates the validity of the data obtained from mathematical
modelling.
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For the recovery of Au(lll) and Pd(ll), in the case of the Thomas model, from the
obtained results, it can be found that with the increase in the height of the material layer in the
adsorption column, the Thomas constant, krn, decreases. The reason associated with this
decrease is represented by the motor force necessary for the adsorption process, given by the
difference between the concentration of the adsorbed metal on the material and the
concentration of the metal ions in the solution. It is also noted that the determination coefficient
R? decreases. The adsorption capacity of the adsorbent established materials from the model is
approximately the same as the value of the experimentally established adsorption capacity, both
for the adsorbed gold ions and for the palladium ions. It can therefore be assumed that this
model describes in the best way the mechanism of the adsorption process of Au(l11) and Pd(11)
in dynamic mode, on the fixed bed adsorption column.

The profitability, feasibility and sustainability of an adsorption process are influenced
by the regeneration possibilities of the adsorbent material. Desorption studies shall prove the
practical applicability of the adsorption process regarding the reuse of the fixed layer of
adsorbent material in the column after exhaustion. In the study on the desorption process of
Au(l11) from XAD7-AcLG material and Pd(I1) from MgSiOs-LCys, it was used as a desorption
agent HNOz 5%, for XAD7-AcLG material in 5 adsorption-desorption cycles (with a desorption
degree between 83% - 34%) and for MgSiOs-LCys material in 3 adsorption-desorption cycles
(with a desorption degree between 52.5% - 12.9%).

The XAD7-AcLG and MgSiOs-Lcys materials depleted following Au(lll) and Pd(11)
recovery were calcined to obtain gold and metallic palladium respectively. Calcining was
performed at a temperature of 600°C, for 240 min, with an oven heating rate of 5°C/min. To
highlight the obtaining of metallic gold and metallic palladium, the samples obtained after
calcination were characterized by scanning electron microscopy and X-ray spectroscopy by
energy dispersion.

‘ Element 3 ‘ 0 ‘ Na ‘ si ‘ P K Au ‘ Total ‘

i g o ; ‘ Wt, [%)] ‘ 23,18 ‘39,20 ‘ 8,50 ‘ 1,10 ‘ 9,02 ‘ 9,19 ‘ 9,72 ‘ 100,00 ‘

Figure 6.19. SEM views obtained from the calcination of the Figure 6.20. EDX obtained from the calcination
exhausted XAD7-AcLG material for Au recovery [297] of the exhausted XAD7-AcLG material

in order to recover the metallic gold [297]

L T I R T I O T

Element c 0 Na | Mg | Si H pd Total
Wt% | 223 | 5820 | 272 | 813 | 2602 | 081 | 1,80 | 10000

Figure 7.16. SEM images obtained after the calcination of the Figure 7.17. EDX obtained by calcining
exhausted MgSiO;-LCys material, in order to recover the palladium the exhausted MgSiO3-LCys material,
in order to recover the palladium

A process of recovery of metallic gold, coming from waste solutions, by adsorption on
the XAD7-AcLG material, followed by its calcination after exhaustion, is presented
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schematically in Figure 6.21. The obtained metallic gold can be subsequently reintroduced into
specific technological processes.

Conditions of absorption:

-pH: 1:3
-contact time: 60 min
-temperature: 289K
-initial concentration: 75 mg Au(lll)/L
Cyanuric complex Mineralization of the Au(lll) recovery by
with Au content —> auriferous solution with > 7ad50rpﬁ0n on —
HCl and HNO; XAD7-AcLG i

Depleted absorbent
material

Combustion at 600°C
Metallicgold air and for 240 minutes

Figure 6.21. Process of recovering metallic gold from used solutions [297]

A process of recovery by adsorption of metallic palladium from MgSiOz-LCys material,
followed by its calcination after exhaustion, is shown schematically in Figure 7.18. Metal
palladium mixed with magnesium silicate can be reintroduced into specific technological
processes.

Conditions of absorption:
-pH: 1:3
-contact time: 60 min
-temperature: 289K
-initial concentration: 40mg Pd(ll)/L

Waste solutions that Recovery of Pd(ll) by Depleted Combustion at 600°C
contain palladium adsorption on MgSi0;-LCys material air and for 240 minutes

l

Metallic palladium
mixed with magnesium silicate

Figure 7.18. Recovery process of metal palladium from worn solutions

CHAPTER 8. OPTIMIZATION OF THE Au(l11) AND Pd(11) ADSORPTION PROCESS
BY FACTORIAL DESIGN

In the framework of a factorial experiment, the aim is to identify the factors that lead to
the best possible adsorption capacity; the experimental data were centralised in the form of
matrices and processed to characterise the poces.

Optimization of the adsorption process determines the setting range of the influential
input factors that provide the best response to the process. There were also used nonlinear
experiments (response surface design, RSD), aiming that the process response to target the
output variable, identifying the range of values of the input factors with which a maximum
value can be obtained.

Objective functions (dependent variables) define and quantitatively evaluate the
behavior and evolution trends of the system under investigation, under normal conditions.
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The effects and interactions of processes were tracked by optimizing different
parameters: pH, temperature, contact time, initial concentration. They were tracked in order to
obtain a maximum adsorption capacity of the XAD7-AcLG material.

A schematic presentation of the adsorption pattern studied is represented below:

UNCONTROLLED PARAMETERS B
acor Mo

on 1
X l KJV x"l .
o ;
|
] )

Au{ll an Pd(ll) RECOVERY ADSORBTION N ;
Auflit) and Pd(Ily — = :;
|

LTl

pH  Comact Temperature Initial N o
time concentration " e

5 2 00 i
CONTROLLED PARAMETERS Hect P

Model of the adsorption process of Pareto diagram - the effect of control parameters on the adsorption capacity of
Au(ll1) si PA(I1) XAD7-AcLG (a) si MgSiOs-LCys (b) materials

The factorial experiment consisted of a series of complete tests in which all possible

combinations of the levels of setting the control factors followed, in this case, of the parameters
that significantly influence the adsorption capacity were performed, namely: pH, temperature,
contact time and initial concentration. They were tracked for the purpose of obtaining a
maximum adsorption capacity of the new adoring materials, XAD7-AcLG and MgSiOz-Lcys.
The experiments aimed at optimizing the adsorption process were carried out in two stages,
namely:
- in the first stage, the aim was to determine the variables that have an important significance
on the adsorption process and to determine the controllable factors in order to obtain a
maximum of the adsorption capacity; 16 runs were performed each in the case of Au(lll)
retention in case of retention of Pd(ll). It was found that on the adsorption process studied, in
fact on the adsorption capacity of XAD7-AcLG material have a significant effect (i) the contact
time and (ii) the initial concentration of the solution containing Au(l11); in the case of MgSiOs-
LCys material, three factors have been found to have a significant effect on the adsorption
process, namely: pH, contact time and initial concentration of the solution containing Pd(11);
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Fig. 8.3. Main effects of control factors on the adsorption Figure 8.18. Main effects of control factors on the adsorption
capacity of XAD7-AcLG material capacity of MgSiOs-LCys material
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Figure 8.4. Interactions between control factors and Figure 8.18. Interactions between control factors and

the response of the adsorption process (adsorption capacity) the response of the adsorption process (adsorption capacity)
of Au(lll) ions on XAD7-AcLG material [310] of Pd(I1) ions on MgSiO3-LCys material
Cophdsimg/g]
mr l2
m:2 -3
- -4
'm >4

Valori Mentinute
L 25

Timglmin] 675
TemplrQ 35
Conc[mgA] 325

Figure 8.5. 2D contour curves for pH, contact time, Figure 8.19. 2D contour curves for pH, contact time,
temperature and initial concentration if the response is temperature and initial concentration where the response is
adsorption capacity, for XAD7-AcLG material [310] the adsorption capacity for MgSiOs-LCys material

pH = 2,5 timp de contact = 67,5min pH =2,5 timp de contact = 67,5 min
temperatura = 35°C concentratia initialad = 77,5mg/L temperatura = 35°C concentratia initiala = 32,5mg/L

Figure 8.6. 3D contour curves for pH, contact time, Figure 8.20. 3D contour curves for pH, contact time,
temperature and initial concentration where the response is temperature and initial concentration where the response is
the adsorption capacity for the XAD7-AcLG material [310] the adsorption capacity for MgSiO3-LCys material

- in the 2nd stage, the response surface (RSD) models were designed. There were 12 runs in
the case of Au(ll1) detention and 19 runs in the case of Pd(Il) detention.
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Figure 8.10. Main effects of controlled factors (contact time and initial concentration)
on the adsorption capacity of Au(l1l) on the XAD7-AcLG material
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Figure 8.12. Contour curves (a) and surface curves (b) for the initial contact time and concentration if the response
is the adsorption capacity of Au(l11) on the XAD7-AcLG material [310]
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Figure 8.13. Step Il, optimizing the response of the Au(l11) adsorption process
on XAD7-AcLG material [310]
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Figure 8.24. Main effects of controlled factors on the adsorption capacity of MgSiO3-LCys material
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Figure 8.26. Contour curves (a) and 3D (b) curves for pH, contact time and initial concentration if
the answer is the adsorption capacity of MgSiO3-LCys material
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Fig.8.27. Optimisation of the response of the Adsorption process of Pd(I1) on MgSiO3-LCys material
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CHAPTER 9. FINAL CONCLUSIONS. ORIGINAL CONTRIBUTIONS

In the first Part of the doctoral thesis, it is presented the literature study that refers to
the identification of the current state of the research in the proposed topic.

In Part 11 of the doctoral thesis are presented the original contributions.

The research reflected in this doctoral thesis had as main objective the obtaining of new
materials with properties designed for the recovery of Au(l11) and Pd(ll), given that these metals
are known for their multiple applications and for their value.

In the undertaken studies, 80 materials were obtained by functionalization by
impregnation, by SIR (Solvent Impregnated Solvent) method and by ultrasonication. As support
were used two commercial resins of the type Amberlite XAD4 (styrene matrix-divinl-benzene)
and Amberlite XAD7 (acrylic matrix), an inorganic support - magnesium silicate, MgSiOz and
a biopolymer - cellulose, and as extractants were used the amino acids: L-glutamic acid (AcLG)
and L-cysteine (LCys). The support ratio was varied: extractant, and in order to establish the
optimal ratio, adsorption studies of Au(lll) and Pd(Il) were performed. It was aimed at
establishing the most efficient method of functionalization by impregnation and establishing
the materials with the best affinity for Au(l11), respectively for Pd(I1).

Thus, the optimal ratio support : extractant to obtain the best adsorption capacity was
1 g of support : 0.1 g extractant. Both, through the functionalization by impregnation by the
SIR method and by the functionalization by ultrasonication, the behavior of the materials during
the adsorption was similar, but the ultrasonication is a faster process (10 min) unlike the CRS
method (24 h), the subsequent synthesises were achieved by ultrasonication. Au(lll) has been
found to exhibit better affinity for XAD7-AcLG material and Pd(I1) to exhibit better affinity
for MgSiOz-LCys material. The XAD4-AcLG, XAD4-LCys, C-AcLG and C-LCys materials
show insignificant affinity for the two metal ions.

In order to highlight the presence of active groups specific to the two amino acids on
the surface of the supports, a series of physico-chemical investigations were performed.

The active groups (-NHz, -SH, -COOH) of the AcLG and LCys extractors significantly
improve the adsorption capacity of the new materials, XAD7-AcLG and MgSiOs-LCys. The
images obtained by scanning electron microscopy, SEM confirm the presence of extractants
on the surface of materials and the energy dispersion X-ray spectroscopy, EDX, indicates
qualitatively the presence of atom-specific picks from the active groups of amino acids. Bond-
specific vibrations with active clusters have been confirmed using Fourier transform infrared
spectroscopy (FT-IR).

The three-dimensional images of the surfaces of XAD7-AcLG and MgSiOs-LCys
materials obtained by impregnation functionalization, generated by atomic force microscopy
- AFM, highlight the morphological changes due to functionalization.

The specific areas of the materials (BET) were determined before and after their
modification by functionalization with active groupings. It was found that the specific surface
area decreases from 300 m?/g for XAD7 to 275 m?/g for XAD7-AcLG and from 289 m?/g for
MgSiOs to 166 m?/g for MgSiOs-LCys, which confirms that the pores of the supporting
materials are occupied by extractants.

For both materials, the total volume of pores increases from 0.44 cm®/g for XAD7 to
0.48 cm?®/g for XAD7-AcLG and from 0.33 cm®/g for MgSiOs to 0.43 cm®/g for MgSiOs-LCys,
which confirms that the impregnation functionalization of the supports was achieved either by
the penetration of the amino acid into its pores or by adsorption at its surface.

Based on the determination of the pHpz it was established that the XAD7-AcLG
material has pHpzc ~ 4, and the MgSiOs-LCys material has pHpzc ~ 6,2; cation adsorption is
favored at values pH > pH,.c and adsorption of anions is favored at values pH < pHpzc.

In order to establish the conditions under which Au(ll1) and Pd(Il) can be recovered
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from the used solutions by static mode adsorption, the role of the process-specific parameters
was studied, namely: ratio S : L; the pH of the solution with Au(lll), respectively with Pd(l1);
contact time; the initial temperature and concentration of Au(l11) and Pd(I1) respectively.

The results are presented, for the recovery of Au(l11) and Pd(Il) in static mode:

Adsorbtion recovery of gold and palladium

PARAMETERS:
Au(III) Pd(II)
ratio solid : liquid = 0,1 g : 25 mL ratio solid : liquid = 0,1 g : 25 mL
pH=1+4 pH=1+23
tewse = 10 min, ultrasonic mode teenns = 10 min, ultrasonic mode
T=298K T=298K
geax = 14,23 mg Au(1II}/g pentru o = 75 mg gme = 9,23 mg Pd(II}/g pentru ci = 40 mg Pd{II)/L
Au(IIT)/L
FLEAE STUDIES:
LLelE KINETIC STUDIES
pseudo-order-two Ea = 10,1 KI/mol pseudo-order-two Ea= 15,6 K1/mol
TERMODYNAMIC STUDIES
spontansous, endathermic, physico-chemical dothermic, physico-chemical
process process
EQUILIBRE STUDIES
Sips Sips

At the same time, in order to describe the mechanism of the adsorption process, Kinetic,
thermodynamic and equilibrium studies have been carried out. The value of the activation
energy and the maximum adsorption capacity of the materials have been established.

In addition to static adosrbtion, dynamic mode adsorption in the fixed bed adsorption
column has as advantages the fact that: (i) the system involves continuous adsorption, the
adsorbent being continuously in contact with the adsorbite; (ii) it is a light and inexpensive
technique; (iii) may be used on an industrial scale.

The results are presented centrally, for the recovery of Au(lll) and Pd(ll) in dynamic
mode:

Adsorption recovery of gold and palladium
Parameters:

Au(III) pd(II)
o = 60 mg Au(III)/L Q = 8 mL/min i = 60 mg Pd({II)/L Q = 7 mL/min
h csicana atsertiia, [mim] m woreas . [g] h coleana aseisia , [mim] m wgsnsiey , [g]
DINAMIC 100 10 70 10
MODE 50 5 35 5
20 3 21 2

Adsorption-desorption
5 cycles 3 cycles

degree of desorption = 83 + 34 % degree of desorption = 52,5 + 12,% %

The factorial experiment consisted of a series of tests in which all possible
combinations of the levels of setting the control factors followed, in this case, of the parameters
that significantly influence the adsorption capacity were carried out.

The results are presented centrally, for the factorial experiment:

- in step 1 — linear parameters:
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FACTORIAL EXPERIMENT

I. LINEAR EXPERIMENTS

Au(III) Pd(II)
PARAMETERS:
pH =4 t =120 min T = 298K o= 150 mg pH=1 t =120 min T = 29BK ci= 60 mg
Au(III) / L PA(I) / L
q = 25,63 mg Au(Ill) / g q=675mgPd(II} /g

Proposed parameters for the second stage — NELINIAR EXPERIMENTS (RSDY)

timp, initial concentration pH, timp, initial concentration

- in stage 2 — nonlinear experiments (RSD):

EXPERIMENT FACTORIAL

THE SECOND STAGE. NONLINEAR EXPERIMENTS (R5D)

Au(III) Pd(II)
PARAMETERS!
t = 105 + 140 min o =140 + 165 mg Au(Ill) / L pPH=0,5+2 t=110+130min o=250+ 80mgPd (II) /L
OPTIMIZTION
t = 10& min o = 164 mg Au(III} /L pH = 2,47 t = 102 min © = 76,8 mg Pd (II) / L
q = 22,44 + 28,95 mg Au(IlI) / g q= 11,68 mg Pd(II) / g

In the end, a simple scheme of work was proposed as a support for a possible design
of adsorption processes, using new, selected materials.

Because of the complex mechanisms involved in the adsorption process, the estimation
of the value of the possible adsorption capacity of metal ions on the adsorbent materials
obtained by impregnation functionalization, is made by empirical design procedures that are
based on the conditions of adsorption balance and on the fact that models are used that assume
that the new adsorbent materials are homogeneous.
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SUPPORT:

XAD4

XAD7 EXTRACTANT:
MgSiO3 L-Glutamic Acid
Cellulose L-Cisteind

l

METHODS OF FUNCTIONALIZATION BY IMPREGNATION:
SIR, varying the ratio support : extractant
ultrasonication, varying the ratio support : extractant

l FILTRATION l
I DRYING I

80 NEW MATERIALS
btained by q ization by imp! q

‘waste water, containing
Au(lll) and Pd(ll), of

known initial
A
FUNCTIONALIZED MATERIALS
with an adsorption capacity for:
© Au(ll) === XAD7-AcLG
@ Pd(l) =  MgSiO3-LCys

}

CHARACTERIZATION OF FUNCTIONALIZED MATERIALS:

© SEM, EDX © AFM
& FT-R © pHpzc

© BET

RESEARCH: RESEARCH:

@ kinetic l Au(lll) AND Pd(Il) RECOVERY ‘ @ kinetic

© thermodynamic Ty of the

@ activation energy @ puncture point

@ balance studies @ establishment of no.

Recovery of Au(lll) and Pd(ll) in static
mode, varying: the ratio solid : liquid, pH, Recovery of Au(lll) and Pd(ll) in dynamic mode,
contact time, temperature, initial varying: height of the adsorbent layer in the
concentration of metal ions adsorption column , contact time, flow rate

. COMBUSTION .

Au, Pd
Figure 9.1. Scheme of work for the design of adsorption processes

The first part of the scheme presents the stages of obtaining the new adsorbent materials
through impregnation functionalization and the scientific papers that were the basis for the
selection of specific materials suitable for the retention of metal ions, namely, the obtaining of
XAD7-AcLG material for the retention of Au(l11) and MgSiOs-Lcys material for the retention
of Pd(I1), as recorded in chapter 5 of the work and presented above.

The 2" part of the scheme presents the physical-chemical investigations performed to
highlight the presence of active groups specific to the two amino acids on the surface of solid
supports. The materials selected for the studies, namely, XAD7-AcLG and MgSiOz-LCys, were
characterized by: SEM and EDX to confirm the presence of the active groups of extractants
(namely the amiinic, thiolic and carboxylic groups), FT-IR for the identification of vibrations
specific to the active groups of extractants, AFM to confirm the morphological changes due to
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the functionalization by impregnation, BET for the determination of the specific surfaces that
confirm the fact that the pores of the materials are occupied by extractors. The potential for
PHpzc zero load has also been determined, as recorded in chapter 5 of the paper and presented
above.

The 3" part of the scheme presents the stages of recovery of Au(l11) and Pd(11) ions, in
static and dynamic mode, including the establishment of the optimal parameters of these
processes, as mentioned in chapters 6 and 7 of the work.

PERSPECTIVES

The perspectives of the research activity would be:
- deepening the studies on the application of the procedures for the recovery of Au(lll) and
Pd(I1) from the waste solutions, developed within the doctoral thesis, for the recovery of other
metals from wastewater, waters with complex chemical compositions, similar to those studied;
— study of the use of Au(l11) and Pd(11) extracted from waste water, for applications other than
those strictly industrial.

In the work paper are mentioned 357 bibliographic references, here being presented a
selection of them.
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