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Abstract: The goal of this study was to assess the sustainability of a modified cellulose nanofiber
material for the recovery of precious gold from chloride solution, with a special focus on gold recovery
from acidic solutions generated by cupric and ferric chloride leaching processes. TEMPO-oxidized
cellulose nanofiber in hydrogel (TOCN), dry (H-TOCN, F-TOCN) and sheet form (S-TOCN) was
examined for gold adsorptivity from chloride solution. Additionally, this work describes the optimum
conditions and parameters for gold recovery. The data obtained in this investigation are also
modeled using kinetic (pseudo first-order and pseudo second-order), isotherm best fit (Freundlich,
Langmuir and Langmuir-Freundlich), and thermodynamic (endothermic process) parameters. Results
demonstrate that high levels of gold removal can be achieved with TEMPO-oxidized cellulose
nanofibers (98% by H-TOCNF) and the interaction characteristics of H-TOCN with gold suggests
that other precious metals could also be efficiently recovered.

Keywords: gold chlorides; TEMPO-oxidized cellulose nanofiber; adsorption; sustainability

1. Introduction

At present, the gold content in specific scrap materials like electronic waste can be 10-100 times
higher than that available in many naturally-occurring ores [1,2]. In addition to gold, mobile phones,
for example, contain ca. 40 other elements [3]. Consequently, the ability to recover gold, along with
other rare and valuable metals, in a sustainable manner will play a central role in the development of
the metals circular economy.

The dominating state-of-the-art technology for gold containing metal rich waste relies on
pyrometallurgical treatment as part of primary copper production or via the secondary raw material
smeltery through copper electorefining/electrowinning into a precious metal plant [4]. This process
route can recover the main base metals, such as Cu and Ni, and precious metals, such as Ag, Au, Pt,
and Pd efficiently, however, the loss of several critical and rare earth metals present in the secondary
raw materials is evident [2]. By contrast, a hydrometallurgical approach is a promising scalable
alternative that can potentially provide the opportunity to recover a wider variety of metals, including
gold. In addition, hydrometallurgy offers the possibility for pre-leaching of gold before material is fed
into the copper smelter. Hydrometallurgical recovery begins with the transfer of gold into a water
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soluble ionized form in a leaching process, utilising a lixiviant. Cyanide is the lixiviant most applied in
gold extraction from ores, but interest has increased towards less toxic, cyanide-free processes like the
ones utilising concentrated sodium or calcium chloride media with cupric or ferric ions as oxidant [5,6].
Several precious metal plants are known to operate in hydrochloric acid media at very high acidity [7]
and, furthermore, gold chloride is purported to undergo faster dissolution during leaching than the
corresponding cyanide salt [4].

The main challenge after leaching is to recover the ionized gold, which can be performed by,
e.g., solvent extraction, ion exchange, reduction, or adsorption. Of these, adsorption offers a method that
is low cost, scalable, robust, efficient, and environmentally friendly. Generally, the low concentration of
gold (1-100 mg/L) in the lixiviant means that an adsorbent, particularly nanomaterials at the atomic
level with higher surface area, need to be further developed in order to enhance the recovery of
chemicals or contaminants in aqueous phases by adsorption processes [8,9]. Moreover, the utilization
of sustainable/biodegradable substances derived from nature have emerged as novel materials for
the adsorption and concentration of metallic ions from aqueous solution [10-23]. In this paper,
we introduce a highly-charged nanocellulose [15] template as an outstanding, biologically-derived
adsorbent for gold recovery from aqueous solutions. Particularly suitable for this purpose are cellulose
nanofibers extracted with oxidation catalysed by the 2,2,6,6-tetramethylpiperidinyl-1-oxyl radical
(TEMPO) [16,17]. This oxidation process is performed in aqueous solution at room temperature
and the resulting TEMPO-oxidized cellulose nanofibers (TOCNs) are slender threads of high aspect
ratio (nm scale width, um scale length) and exceptionally high mechanical properties [14,24]. Due
to TEMPO-oxidation in their isolation process, the nanofibers are highly charged and their recovery
from aqueous environment can be difficult because of their small size and intrinsic gelling properties.
To incorporate TOCNs in a macroscopic matrix, we have utilized a simple procedure: The initial
oxidation was left incomplete, leaving aldehyde moieties in addition to carboxylates on the TOCN
surface. Here, a new concept of utilizing entirely bio-based, cross-linked TEMPO-oxidized cellulose
nanofibers (TOCNSs) for selective gold recovery is presented. Specifically, we demonstrate how
the selective recovery occurs in dilute, mildly acidic solutions also containing copper ions, thereby
reflecting conditions in a genuine environment typical for a development-stage cyanide-free process,
namely cupric chloride leaching of gold [25]. The fundamental effect of time and temperature were
investigated to optimize the conditions and parameters for gold recovery in this system. The technique
with TOCNs combines two important aspects of green and sustainable engineering: (i) supporting the
development of a new cyanide-free alternative for water-based, hydrometallurgical gold processing
from, e.g., electronic waste and (ii) utilisation of widely available, renewable TOCNSs to realise
that alternative.

The aim of the present work is to investigate the ability of bio-based material adsorbent, TOCNs,
with a special focus on gold recovery in acidic solutions—as is usual in the case of cupric and ferric
chloride leaching processes.

2. Materials and Methods

2.1. Materials

All chemicals, purchased from Sigma-Aldrich (Espoo, Uusimaa, Finland), were of analytical
grade and used without the need for any further purification. Gold stock solution (1000 mg/L in 5%
HCl w/w%), copper (II) chloride dehydrate and sodium chloride were used for the measurement
solutions. Never dried bleached softwood pulp sourced from a Finnish pulp mill and used in the
preparation of the nanocellulosic materials. TEMPO (2,2,6,6-tetramethylpipedine-1-oxyl radical),
sodium bromide, sodium hypochlorite solution (10% w/v, poly vinyl alcohol (PVA) (Mowiol 56-98,
M,, 195,000 g/mol, DP 4300) were used to prepare adsorbents. Solution pH was adjusted by
the addition 3 M NaOH solution with stirring and samples were centrifuged in order to separate
the suspension from aqueous solution. Finally, the concentration of metals in the solutions were
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determined using inductively-coupled plasma optical atomic emission spectrometry, ICP-OES (model
7100DV, Perkin Elmer).

2.2. Adsorbent Preparation

TEMPO-oxidized cellulose nanofiber (TOCN) in hydrogel and film form were used. For preparation
of the TEMPO-oxidized cellulose nanofiber (TOCN), the first step was to synthesize cellulose nanofiber
(CNF). Afterward the CNF was converted to TOCN hydrogel before being modified to the different
forms of dry and sheet film.

2.2.1. TEMPO-Oxidized Cellulose Nanofibers (TOCN)

A birch wood pulp obtained from a Finnish pulp mill was subjected to oxidation with 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) and sodium hypochlorite in order to produce TOCN following
the procedure described by Saito et al. [22]. In brief, a high-pressure fluidizer (Microfluidics M110Y
Microfluidics Corporation, MA, USA) that featured two Z-type chambers (400 x 100 pm diameter) was
applied to fibrillate TEMPO-oxidized pulp. The pulp was passed through the fluidizer twice at 1800 bar
operating pressure. Charge of the oxidized pulp was determined using a standard conductometric
titration method (SCAN-CM 65:02, 2002) and was determined to be ca. 1.39 mmol g~ !. The aldehyde
groups formed during the TEMPO oxidation were oxidized further into carboxylic groups in order to
produce a viscous and transparent gel that had a dry matter content of 1.1 wt%, (Figure 1a). TOCN
hydrogels (soggy adsorbent, as it was gained from preparation) were stored at +4-5 °C until further use.

Figure 1. Schematic of TOCNC (a—c) hydrogel form of TEMPO-oxidized CNF (d-f) film form of
TEMPO-oxidized CNF.

2.2.2. Oven Dried TEMPO-Oxidized Cellulose Nanofibers (H-TOCN)

The resulting TOCN gel was subsequently cured at 90 °C for 12 h and then allowed to slowly cool,
leading to cross linking of the TOCNs due to the reactivity of the aldehydes (Figure 1a—c). The resulting
material was film-like (Figure 1d—f) and easy to dip into a solution.
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2.3. Batch Adsorption Study

The solution simulates a gold chloride leaching solution with both gold (the valuable metal)
and copper (as a typical impurity) present in the solution. The adsorption of gold in cupric chloride
solution on the TOCN material was studied in batch mode and the effect of different parameters,
including adsorbent dose (25-250 mg/10 mL), initial Au concentration (10-100 mg/L), temperature
(2590 °C), and contact time were assessed. In addition, the pH and ionic strength of the solution were
adjusted by NaOH and NaCl additions. It should be noted that all the adsorption experiments were
conducted out at pH = 2.

In the work outlined here, the simulated gold mining solution was varied between 10-100 mg/L
in a 0.02 M copper chloride solution, pH = 2 and with the optimized quantity of adsorbents (500 mg,
150 mg for TOCN and H-TOCN, respectively) in order to investigate recovery of the gold in binary
solution. Equilibrium adsorption experiments were carried out to gauge the efficiency of TOCN in
removing gold from chloride solution. The solution was then agitated in a bath shaker (Stuart SBS40)
at 130 rpm for 48 h to ensure that adsorption process reached equilibrium. The subsequent removal of
the adsorbent TOCN film, i.e., solid/liquid separation of the adsorbent was straightforward.

In order to investigate the adsorption, isotherms experiments were performed at varying solution
temperatures with an initial gold concentration (100 mg/L) in chloride solution (0.02 M). In contrast,
the kinetic experiments were conducted with optimized adsorbents quantities: 10.0 g gel form (TOCN),
0.5 g and dry form (H-TOCN). The initial concentration of the solution was 0.2 L of 100 mg/L Au and
0.02-1 M CuCl; at a pH = 2 and a temperature of 25 °C. The adsorption percentage (R%) and adsorption
capacity values at equilibrium (g.) and time ¢ (q;) were calculated using the following equations:

Ry = (G0~ C)
0

(Co—C)V (Co—CH)V
= = - 7 2
de W s qt W ( )
where Cy(initial), C, (equilibrium) and C; (time) are the Au (III) concentration (mg/L) in solution,
respectively, V is the aqueous solution volume (L) and W represents the adsorbent sample weight

added to solution (g).

x 100 1)

2.4. Effect of lonic Strength

As the primary aim of this work was the recovery of gold from chloride solutions, the influence
of ionic strength (IS) was also investigated by the adjustment of the concentration of Cl” ions in the
solution. This was achieved using NaCl additions to produce solutions with [CI'] of 0.02, 0.1, 0.5,
and 1 M, taking into account the amount of CI" already present due to CuCl, [26].

2.5. Characterization of Materials

TOCN samples were characterized by a zetasizer (Nano-Z590, Malvern, UK). N, adsorption—
desorption isotherms and pore size of both the H-TOCN and F-TOCN samples was measured at
77.35K using a BELsorp-mini II instrument (BEL, Japan). All samples were outgassed at a temperature
of 70 °C for 20 hours prior to the adsorption-desorption experiments. For all measurements, accuracy
at each pressure step was improved by the use of a dead volume reference cell. The Brunauer, Emmett,
and Teller (BET) method was used to calculate the sample surface area over a relative pressure range of
0.05 to 0.45 on the adsorption isotherm [27] In contrast, pore size distribution was determined using the
Barret-Joyner-Halenda (BJH) method based on the isotherm desorption branch [28]. All calculations
were performed using the proprietary BELMaster (BEL, Japan) analysis software (Version 6.4.1.0).

Characterization of the TOCN and S-TOCNF was also carried out using atomic force microscopy
(AFM) from Anasys Instruments Inc. (Santa Barbara, CA, USA) in tapping mode with MicroMasch HQ:
NSC15/ Al BS probes. Typical cantilever resonance frequency was 325 kHz and radius of the curvature
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of the cantilever 8 nm according to the manufacturer. No other image processing was performed
except flattening and at least three images per sample were taken. AFM images were analysed using
the Analysis Studio software (version 3.11). The self-standing TEMPO CNF-PVA film was imaged as
such in dry state. Samples from the TEMPO CNF fibrils were prepared on Au surfaces by spincoating
as described by Ahola et al. [29] Root mean square roughness values (Rg) for the TEMPO CNF-PVA
film in dry state were extracted from three topographic 3 pm x 3 pm AFM images and the average
roughness value are reported.

3. Results and Discussion

3.1. Adsorbent Characterization

Nanoscale surface topography of the adsorbent was investigated by AFM. This technique provides
three-dimensional images that allows spatial information related to changes in adsorbent surface
roughness to be determined. Figure 2 shows the AFM images for both the TOCN and film form of the
TOCN. In Figure 2a, the topographic profiles of height images emphasized with white line.

(fi)

i)

Figure 2. (a) AFM height image (3 pm x 3 pm) of a H-TOCN with topographic profile and (b) TOCN
(3 um x 3 um) spincoated on an Au surface.

Nitrogen adsorption-desorption isotherms at 77.35K of the investigated dried TOCNs (H-TOCN
and F-TOCN) are presented in Figure 3., The shape of the isotherm displays an intermediate between
types I and IV based on the IUPAC classification [30] which is indicative of an initial monomolecular
adsorbate layer (i.e., type Il assumption) followed by multi-layer adsorption. Moreover, as the isotherm
features a slight hysteresis loop, usually generated by the capillary condensation of the adsorbate in
the mesoporous structure, type IV behavior is also observed. Furthermore, BET analysis results also
allow the total surface area (Sggr (m?/ g)) and pore radius of the samples to be determined. The Sggr
of the H-TOCN and F-TOCN samples are approximately 0.5 and 6.3 m?/g, whereas the average pore
radius are of 1.21 and 1.85 nm, respectively.

In addition, the surface charge of the TOCN hydrogel was also measured by zetasizer
(Malvern Zetasizer Nano-Z2590) and the results show that the average C potential of the solution
is >65 mV. This result indicates that solutions of TOCN are highly charged and should have excellent
colloidal stability.
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Figure 3. Nitrogen adsorption/desorption isotherms of H-TOCN and F-TOCN.

3.2. Recovery of Gold via the Adsorption Process

3.2.1. Effect of Adsorbent Dose

At first, the amount of adsorbent was optimized through various doses of the adsorbent; 25,50,
75, 100, 150, 200, and 250 mg were added into 10 mL of gold (C0O = 100 mg/ L) containing 0.02 M
CuCl; solution for either 24 or 48 h. The solution simulates a gold chloride leaching solution with both
gold (the valuable metal) and copper (as typical impurity) present in the solution. Figure 4 shows
that the recovery of Au increases with increasing adsorbent concentration exposed into the solution.
Furthermore, an increase in dosage up to 250 mg (dry weight of TOCN) was also shown to increase Au
recovery, probably as a result of increased adsorbent active site accessibility with increased adsorbent
concentration. Nevertheless, it was also observed that the enhancement of gold recovery at the highest
adsorbent dose (250 mg) is negligible compared to 200 mg dose; hence, the optimum removal of gold
(~98.0%) can be obtained by using 150 mg/10 mL of the TOCNSs at equilibrium after 48 h.

100 BB after 24 h
V7] after 48 h

80

60

40 -

Adsorption efficiency (R%)

20

25 50 75 100 150 200 250
Adsorbent weight (mg/10 ml)

Figure 4. Adsorption efficiency of H-TOCNs for recovery of gold at different dose: doses = 25-250 mg/
10 mL (Cg [Au] = 100 mg/L, Cy [CI']=0.02 M, Cy [Cu*?]=0.02 M after 24 h and 48 h, 130 rpm, pH =2,
10 mL sol.).
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In addition, the results in Figure 4 illustrate that high gold recoveries of >95% can be readily
achieved by H-TOCNs under ambient conditions after 48 h and mild agitation (130 pm).

Adsorption of gold in chloride solution by H-TOCN was performed at other low rotation speeds,
(data not presented here) though the results show the best gold recovery efficiencies were obtained
with an agitation of 130 rpm. Moreover, an increase in the level of agitation results in an increase in the
gold recovery efficiency for all adsorbent weights used and this is in line with previous observations
for other modified cellulose adsorbents for Au(Ill) adsorption available in the literature [10].

3.2.2. Effect of Temperature

In the work outlined here, the simulated gold mining solution was varied between 10-100 mg/L
at 0.02 M copper chloride solution and pH = 2 in order to investigate recovery of gold from a binary
solution. In addition, the effect of temperature on gold recovery was studied over a temperature range
between 25-90 °C at the same initial pH (2.0) and cupric chloride concentration (0.02 M) (Figure 5a).
As can be observed from Figure 5a, the recovery of gold was enhanced up to 99% with increasing
temperature. Most likely, the enhancement of gold recovery at higher temperature may be accounted
for by the change in chemical morphology of the chloro-gold complexes with temperature [31].
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Figure 5. (a) Gold adsorption efficiency onto the TOCNS at the temperature range between 25-90 °C.
(b) A comparison of Au and Cu recovery at the simulated gold mining solution at the temperature
range between 25-90 °C (CO [Au] = 100 mg/L, C0 [CI-] = 0.02 M, CO [Cl-] = 0.02 M, 48 h, 130 rpm,
pH =2,10 mL sol.).

As previously outlined, all experiments were performed at pH = 2. In this regard, it is worth
to take into account calculation of Pourbaix Diagram to estimate Au-species at pH = 2. As can be
seen from the calculation at pH 2 the main components in the Pourbaix diagram comprise of Au(s),
AuCu(s), and Au(s) associated with Cu®* in solution (See supplementary Figure S1). Accordingly,
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it can derive that Cu ions are in competition with Au- species in the solution and selectivity toward
gold ions is main concern in the copper (II) chloride solution. Figure 5b reveals that TOCN has good
ability to adsorb Au in the binary solution in contact with Cu. In other words, TOCNs can selectively
adsorb gold ions from the copper (II) chloride solution. Indeed, the sustainable material TOCN, is a
promising alternative to use in industrial applications to overcome the limitations in gold recovery
from chloride solutions when in competition with Cu?* from the oxidant in cyanide-free leaching
processes. Nevertheless, the transformation from the laboratory scale to industrial application still
needs to be studied in more detail.

The results in Figure 5a were further analyzed to determine the total energy changes occurring
during adsorption, in order to ascertain the gold recovery mechanism. As the total adsorption efficiency
of gold is large at high temperature, these results were used to establish gold adsorption efficiency
onto TOCN as a function of temperature versus time (See supplementary Table S1 and Figure S2).

3.2.3. Effect of Ionic Strength

Another important factor that affects the adsorption behavior of gold is the chemical morphology
of chloro-gold complexes. The ratio of each chloro-gold complex concentration relates to both chloride
and hydrogen ion concentration, as well as temperature, as they can exist as different species depending
on pH (Figure 6) [11].

1.0 ___ ALIJCI4'
AUCI,(OHY
0.8 AuCl,(OH),
< —— AuCI(OH),"
&
5 0.6
S
T
§ 0.4
)
=
0.2 \
0.0 : . ; —]
5

o
-
N
w
N

pH

Figure 6. Fraction diagrams of chloro-gold complexes calculated with equilibrium constants at pCl 2.0
and 293 K [After 12].

The equilibrium constants of gold-chloro complexes are as follows (35):

Au(OH);” + H+Cl = "AuCl(OH)3 +H,0, K; = 10 85! 3)
AuCI(OH)3™ + H*+CI" = AuCl,(OH), +H,0, Kp= 10 30° @)
AuCly(OH),™ + H*+Cl" = AuCl3(OH) +H,0, K3=10 7% )

AuCl3(OH) + H"+Cl" = AuCly” + H,0, Ku= 10 &7 ©)
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As can be seen from the above equations and Figure 6, the predominant complex of gold at pH < 3
is mainly AuCly". Indeed, at pH higher than 3, AuCly™ is likely to undergo hydrolysis, which causes
the complex to change to AuCl3(OH)™ in the aqueous chloride solution. Moreover, Ogata et al. [11]
reported that the gold recovery from the aqueous chloride solution by tannin gel particles was almost
independent of the initial pH in the range between 2.0-3.8. In this regard, all the experiments were
conducted at same initial pH 2 and stable temperature (25 °C) in order to investigate the effect of
chloride ions concentration, in the range of 0.02-1 M, on the gold adsorption behavior. The results
obtained from these experiments are shown in Figure 7 and it can be seen that the recovery of gold
decreases with higher ionic strength values.

It is reported that increasing inter-fibrillar electrostatic repulsion and reduction of the adhesion
between the fibrils leads to the nanofibrillation of cellulose [22]. Therefore, the background electrolyte
concentration reduces the electrostatic repulsion between the fibers and in doing so, the specific surface
area [32,33]. This is observed in Figure 7 as an increase in the background electrolyte concentration
(higher IS values) leads to a drop in the gold recovery due to a decrease in nanofibrillation tendency.
It is also possible that low IS values may enhance electrostatic repulsion and consequently cause the
TEMPO cellulose nanofibers to adopt a more open configuration that produces more access to the
adsorbent pores for gold removal from the solution.

V7 H-TOCN
100 B ToCN

Adsorption efficiency (R%)

0,02

o
N
i \
[$)]
N

Cer (M)

Figure 7. Effect of ionic strength on gold recovery at high concentration of gold (Cy [Au] = 100 mg/L,
Cp [CI'] =0.02-1 M, 48 h, 130 rpm, pH = 2, 10 mL sol.).

The influence of the presence of chloride ions in the aqueous solution was also studied at lower
concentrations of gold (10 mg/L) under identical conditions. The increase of IS in the aqueous phase
increases the adsorption efficiency, which can be attributed to higher ionic concentration. In addition,
as can be seen from Equation (7), a shift to left side—which occurs when gold is present in the aqueous
phase—results in a non-adsorbable HAuCly species (Figure 8).

HAuCly = AuCly + H' ?)

Consequently, by increasing the IS from 0.02 to 1 M, the gold adsorption efficiency increased,
a finding that correlates with the previous observations of Alguacil et al. who studied gold (III)
adsorption using HCl concentrations ranging between 0.03 to 0.5 M [34].
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Figure 8. Effect of ionic strength on gold recovery at low concentration of gold (Cy [Au] = 10 mg/L, Cy
[CI'T=0.02-1 M, 48 h, 130 rpm, pH = 2, 10 mL sol.).

3.2.4. Kinetic Study

In order to both investigate the mechanism of adsorption and control adsorption rate, it is
important to also study the kinetics of gold adsorption onto the adsorbents. Plot of changes in
adsorption capacity (g¢) vs. time (t) are shown in Figure 9, at initial concentration of 100 mg/L gold in
0.02 M chloride solution and the kinetic models were examined over a 48 h period.

The adsorption kinetic data, the application of two of the most widely utilized kinetic models—
pseudo-first order and pseudo-second order were investigated [35]. The linear forms of these
models are:

ln(M) = —kqt (8)
e
t1 ot
7 ki g
where g, is the equilibrium value of g4, k; and k; are the rate coefficient for the pseudo first-order (PFO)
and pseudo second-order (PSO) models, respectively.

©)

0.6 14
a) b) .

0.5

e H-TOCN

5 o 8- PSO
o o
£ £
&3 & 61
4]
LJ
0.2
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Figure 9. Adsorption kinetic data of gold onto the mentioned adsorbents (a) TOCN and (b) H-TOCN,
experimental data are shown by symbols and the solid line the values predicted by the PSO model. (CO
[Au] =100 mg/L, CO [Cl-] =0.02 M, 48 h, 130 rpm, pH =2, 200 mL sol.).

In this case, the adsorption rate is relative to the process driving force or kinetics, which is
related here to the gold solution concentration (pseudo first-order). In addition, adsorption capacity
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can also be related to the number of adsorbent active sites occupied and aqueous solution solute
concentration (pseudo second order kinetics) [35]. The comparison of fitting results produced by
Equations (8) and (9) showed that the kinetic data has a higher correlation with the pseudo second
order model cf. pseudo first-order model (Table 1). In addition, another factor (36) in relation to initial
the concentration (Cp) and concentration at any time (C;) [36], allows a comparison between C0O and
B0 to be determined at the initial gold concentration of 100 mg/L at any time (Table 2). It was found
that the g6 values were inconsequential when compared with the initial concentration of gold used,
hence, it was determined that the pseudo second-order model best describes the adsorption kinetics of
gold onto TEMPO-oxidized nanofiber cellulose. Indeed, the rate-limiting step may be related to either
chemisorption or chemical adsorption between the adsorbate and adsorbent.

Table 1. Constants obtained from PFO and the models for gold adsorption onto different types of
TOCN adsorbents (TOCN, H-TOCN, F-CNF, and S-TOCN).

Pseudo First-Order Pseudo Second-Order
r k1/h)  g.(mg/gaqgs) 2 k2(gags/mg.h)  ge(mg/gags)
0.95 0.57 0.3 0.984 0.364 0.475 TOCN
0.966 0.18 14.5 0.981 0.16 12.262 H-TOCN

Table 2. 56 values obtained from adsorption of gold onto the different types of TOCN (Cp = 100 mg/L).

TOCN H-TOCN
t(h)  BO@L)  t(h)  BO(gL)
4 5.80 4 495
18 7.11 9 6.88
23 7.52 19 7.40
33 7.90 31 9.08
48 8.43 48 9.57

Additionally, the Weber-Morris intraparticle diffusion model was used to identify the adsorption
mechanism of gold onto these two different types of TOCN by the intraparticle diffusion (IPD)
model in term of mass transfer of Au surrounded by the TEMPO-oxidized cellulose nanofiber [32].
As mentioned earlier, TOCN has a porous structure, through which gold molecules may accordingly
diffuse. A plot of g; versus t*° (Figure 10) demonstrates that the whole adsorption process comprises
of three distinct steps. The observed initial rapid increase in the slope relates to fast external surface
adsorption, whereas the second section shows gradual adsorption, which is the rate-limiting step
during intraparticle diffusion. Finally, the third portion of the plots outlines the equilibrium phase due
to the reduced active site accessibility on the adsorbents and the low residual value of the remaining
gold in the solution.

0.6 ) 16 b
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% 04 4 %:fj 10 ]
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Figure 10. Intraparticle diffusion plots for gold adsorption onto (a) TOCN, (b) H-TOCN.
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3.2.5. Equilibrium Study

The basic characteristics of an adsorption process can be determined with an equilibrium study,
whereas kinetic data are critical for adsorbent use optimization. Taken together they outline the
relationship between the adsorbent amount and the dissolved adsorbate concentration in the liquid at
equilibrium. In the work outlined here, the equilibrium study gold concentration was varied between
10-100 mg/L at 0.02 M chloride solution in order to ascertain the relationship between adsorbed (g.)
and solution concentration (C,) of gold under equilibrium conditions.

Langmuir, Freundlich and Langmuir-Freundlich isotherms (Equations (10)—(12)), which are
commonly applied for many adsorbate/adsorbent systems, were employed to analyze the experimental
equilibria data and to obtain the maximum adsorption capacity for each of the adsorbents investigated
for gold removal.

QmKLCe
L= InKiCe 10
q 1+ KC, (10)
ge = (KpCe)'/" (11)
1/n

an 1+ (KC,)™

where ¢, is the amount of adsorbate per unit mass of adsorbent at equilibrium, g, the maximum
adsorption capacity to form a complete monolayer coverage on the surface bound at high equilibrium
of adsorbate concentration C, (mg/L), K1, a model parameter that accounts for the degree of affinity
between the adsorbate and adsorbent. K K and n are constants.

Experimental data was modeled using the three equilibrium isotherm equations outlined above
and Table 3 summarizes the correlation coefficients, #* values, and isotherm model constants obtained
for gold adsorption onto the different types of TEMPO-oxidized nanofiber cellulose.

The Langmuir isotherm model gave rise to the highest 12 values for each of the TEMPO-oxidized
CNE with maximum gold adsorption capacities of 15.44 and 0.48 mg/g for H-TOCNs and TOCNs,
respectively. Overall, the equilibrium adsorption data demonstrates, heat treatment has a significant
effect on the properties of the adsorbent when the maximum adsorption capacity of H-TOCN for
recovery of gold from the chloride solution is considered.

Table 3. Parameters of the adsorption isotherms obtained for the adsorption of gold onto different
types of the TOCN adsorbents.

H-TOCN TOCN

0.135 0.005 Kp(L/mg)
15.445 0.42 gm(mg/g) Langmuir
0.96 0.999 r?
2.03 0.002 Kp(Lmg(-1/m) /)
1.53 0.6 n Freundlich
0.951 0.998 2
0.012 — Ki.p(L/mg)
14.531 0.38 gm(mg/g) L .
1.4 0.9 " Langmuir-Freundlich
0.953 0.786 2

Generally, the adsorption efficiency was increased by drying TOCN, which might be attributed to
strong electrostatic attraction between the Au-complex and H-TOCN.

Heat treatment of hydrogel TOCNF may result in more accessible carbonyl groups on neighboring
fibrils proximal to the aldehyde group, subsequently these may react via an aldol mechanism in acidic
media to a protonated form (Figure 11) [37,38].
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Acid catalyzed:
o
A
1
H
H
= H H. 4+
o i -H* 0 di

Figure 11. Mechanism of the aldol addition in acid catalyzed (after [38]).

Indeed, TOCN might be changed to a surface protonated carboxyl. In this regard, a more activated
site is available for the interaction of protonated carboxylic ions with the ionic gold-complex molecules
(AuCly).

A comparative study of gold adsorption onto biopolymer adsorbents is summarized below
(Table 4):

Table 4. Comparison of maximum adsorption capacities for gold on other biopolymer adsorbents.

Adsorbent Adsorption Capacity (mg/g)  Contact Time (h) Reference
Taurine-modified 34 50 4 [22]
cellulose
Carboxymethyl chitin 11.86 9 [39]
Cotton cellulose *1.22 96 [40]
Fallen leaves not reported [41]
H-TOCN 15.44 (mg/g) 48 This study

* Original report is 6.21 (mmol/g).

4. Conclusions

This study highlights that the recovery of gold using TEMPO-oxidized cellulose nanofibers—
particularly the oven-dried form (H-TOCN)—are both feasible and effective for the capture of gold
from dilute solutions of gold chloride solutions. Gold recoveries of >90% can be readily achieved by
H-TOCN under ambient conditions after 48 h and mild agitation (130 rpm). Furthermore, an increase
in temperature from room temperature to 90 °C results in efficiencies of ~98% for TOCN, S-TOCN,
and F-TOCN. Generally, owing to the hierarchical structure and tailorable adsorption behavior
via surface reactivity, TOCN demonstrated the potential to adsorb gold from chloride containing
solutions. It was determined that gold recovery was endothermic in nature as it was observed to
occur spontaneously at both room and elevated temperatures. Moreover, the reaction was found
to follow nonlinear pseudo second-order kinetics and the results from the Langmuir adsorption
capacity calculations demonstrate that TOCN is a promising biomaterial for the adsorption of gold
from chloride containing solutions.

Overall, it can be concluded that TOCN—either as a hydrogel or in a dry form—offers a sustainable
solution for the treatment aqueous solution that contain gold, even under acidic conditions. Furthermore,
the characteristics of H-TOCN and its high affinity for gold indicates that there is also the potential for
the efficient recovery of other precious metals.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2071-1050/11/5/1406/
s1, Figure S1: Pourbaix diagram of Au-Cu-H20O at 25 °C, Table S1: Thermodynamic parameters (WH-TOCN = 25
mg, CO [Au] = 10-100 mg/L, CO [Cl-] = 0.02-1 M, 48 h, 130 rpm, pH = 2, 10 mL sol.), Figure S2: Thermodynamic
plot of In Kc versus 1/T.
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