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The Role of a Nitro Substituent in C-Phenylcalix[4]
resorcinarenes to Enhance the Adsorption of Gold(lll) lons

Krisfian Tata Aneka Priyangga,® Yehezkiel Steven Kurniawan,” and Leny Yuliati*®

Nitro-substituted  C-phenylcalix[4]resorcinarene  derivatives
were synthesized and evaluated for gold(lll) ions adsorption. All
the nitro-substituted C-phenylcalix[4]resorcinarenes showed
higher maximum adsorption capacity as compared to the bare
C-phenylcalix[4]resorcinarene. A remarkable high adsorption
capacity of up to 272.70 mgg~' was obtained after 2 h on the
C-2-nitrophenylcalix[4]resorcinarene (Calix-2NQ,), which was
two times high han that of the C-phenylcalix[4]
resorcinarene. Thegorption capacity was affected by the
position of the nitro group. The highest adsorption capacity

ﬂroduction

Gold is one of the precious metals which is greatly used in
jewelry, electronics, smart material, and advanced
technologies"*! owing to its unique physicochemical properties
as compared to other precious metals.”’ The consequence of
the excessive usage of gold making its source is kept depleting
by days."”' Commeonly found as gold(lll) ions, its recovery from
urban mine may act as an untapped resource in the future.*”
Conventional methods for gold(lll) ions recovery are adsorp-
tion, solvent extraction, chemical precipitation, and membrane
filtration."'" Among these methods, the adsorption method is
attractive as it is cheap, simple, and could be performed in the
absence of toxic organic solvents."”

Many adsorbents for gold(lll) ions have been developed
such as  activated carbon,"™  polyethyleneimine,
montmorillonite,"” and hybrid biosorbent" Activated carbon,
unfortunately, only gave 995 mgg™' as its maximum adsorp-
tion capacity (gm) after a very long equilibrium time of 24 h."¥
On the other hand, the polyethyleneimine gave a higher gm
value of 286 mgg™' after 6 h-shaking,™ which is still a time-
consuming process. Even though the montmorillonite compo-
site material gave a faster equilibrium time of 1.5 h, the poor
gm value of 149mgg "™ made this material far from the
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observed on the Calix-2NO, was closely related to the strongest
supramolecular interactim?)etween the gold(lll} ions and the
Calix-2NQ,, as supported by Fourier transform infrared (FTIR)
and proton nuclear magnetic resonance ('"H-NMR) spectros-
copies as well as the desorption study. This study demon-
strated that the macrocyclic material, namely nitro-substituted
C-phenylcalix[4]resorcinarenes, were effectiv rbents hav-
ing good reusability, and thus, applicable for gold(lll} ions
recovery.

application. On the other hand, a biosorbent material contain-
ing tannin acid immobilized dialdehyde corn starch was
reported to give a high gm value of 298.50mgg ', but the
equilibrium time was still quite long, which was 6 h."® Employ-
ing adsorbent materials having high adsorption capacity and
short equilibrium time would be a great benefit and this leaves
a great challenge for the researchers.

Macrocydic organic compounds have been known for their
outstanding adsorption capability due to their strong host-
guest interactions."”'® Particular attention is on @aalix[n]
resorcinarenes that can be prepared from a one-pot reaction
between resorcinol and aldehyde compounds in acidic
conditions."**” The calix[4]resorcinarene derivatives have good
physical properties such as high chemical stability, high
thermal stability, poor solubility in aqueous media, and
relatively low toxicity.”"*" All these good properties make them
suitable candidates for metal ion adsorption. C-phenylcalix[4]
resorcinarene is considered as a simple calix[4]resorcinarene
derivative having eight benzene rings and eight hydroxyl
groups exhibiting good capability for heavy metal
adsorption.”'#?! The hydroxyl groups and the aromagg rings
provide binding sites for both hard and @@ acids such as
lead(ll) and chromium(lll) ions!" However, to the best of our
knowledge, the application of calix[4]resorcinarene for gold(lll)
ions adsorption has not been yet reported.

Since the addition of heteroatom substituents such as —N
and —O groups'® may enhance the adsorption capacity of calix
[4lresorcinarene toward gold(lll) ions, three compounds of
nitro-substituted C-phenylcalix[4]resorcinarene derivatives, i e.
C-2-nitrophenylcalix[4lresorcinarene (Calix-2NO,), C-3-nitrophe-
nylcalix[4]resorcinarene (Calix-3NQO,), and C-4-nitrophenylcalix
[4]resorcinarene (Calix-4NQO,) were synthesized from resorcinol
and nitrobenzaldehyd he maximum adsorption capacity
towards gold(lll) ions, as well as the adsorption kinetics and
thermodynamics, were investigated. The importance of nitro

5366 © 2021 Wiley-VCH GmbH
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Scheme 1. !ynthesis of C-phenylcalix[4resorcinarene derivatives.

group and its position to enhance the supramolecular inter-
acti with gold(lll} ions were revealed by desorption study
and elucidated by Fourier transform infrared (FTIR) and proton
nuclear magnetic resonance ('H-NMR) spectroscopies. The
reusability test was also performed on the Calix-2NO, adsorb-
ent.

Results and Discussion
Synthesis and Characterizations

The C-phenylcalix[4]resorcinarene derivatives were synthesized
from resgjcinol and benzaldehyde or nitrobenzaldehyde com-
pounds as starting materials. Under the acidic condition, qth
starting materials were reacted to form a cyclic structure of C-
phenylcalix(4]resorcinarene as shown in Scheme 1. The C-
phenylcalix[4]resorcinarene derivatives, i.e. Calix-2NO,, Calix-
3NO,, Calix-4NO,, and Calix-H were obtained in 93.5, 39.6, 48.5,
and 95.5% yield, r ctively.

The successful synthesis of all CmenylcalixH]resarcinarene
derivatives was supported by their FTIR, 'H-Ng§, “C-NMR, and
LC-HRMS spectra. As depicted in Figure 1, the disappearance of
the C—H aldehyde peaks at 2700-2850 cm ' and the appear-

—— Calix-H —— Calix-2NO,

—— Calix-4NO, —— 2-nitrobenzaldehyde
—— Calix-3NO, —— Resorcinol

: 1427-1430 cm™
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Figure 1. FTIR spectra of reactants and all the synthesized C-phenylcalix[4]-
resorcinarene derivatives.

ance of the g—H methine peak of C-phenylcalix[4]
resorcinarenes at 1427-1430cm™' indicated the successful
formation of Cphenylcalu([aesmcmarene and C-nitrophenyl-
calix[4Iresorcinarenes. The presence of C-H methine on C-
phenylcalix[4]resorcinarene an C-nitrophenylcalix[4]
resorcinarenes was also confirmed by a singlet peak at 527-
537 ppm on the 'H-NMR spectra and a peak at 102.6-
103.4 ppm on the “C-NMR spectra, as shown in Figures 51-54.
Furthermore, the FTIR and NMR spectra of the Calix-H and the
Calix-3NO, were in good agreement with the reported
ones.**#" The identification of the Calix-2NO, and Calix-4NQ,
was also further conducted by LC-HRMS, which chromatogram
and the spectra are depicted in Figures S1 and 53, respectively.
The m/z of 973.00 and 973.70 as [M+H]" were obtained,
further indicating the successful synthesis of these C-nitro-
phenylcalix[4]resorcinarenes.

Adsorption for gold(lll) ions

The adsorption capability -phenylcalix[4]resorsinarene de-
rivatives was evaluated to study the effect of the nitro
substituent on the adsorption of gold(lll} ions. Figure 2(a)
shows the dependence of adsorption percentage on the
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Figure%fect of adsorbent mass (a) and time (b) on the adsorption of
gold(lll) ions using C-phenylcalix(4]resorcinarene derivatives.
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amount of the adsorbent after 2 h-stirring. @e adsorption
percentage increased with the amount of adsorbent up to
15mg on all the C-phenylcalix[4]resorsinarene derivatives. A
further increase was not observed when the adsorbent amount
was set to a higher amount, suggesting that 15mg of
adsorbent was enough to adsorb the gold(lll) ions. It was noted
that all the nitro-substituted C-phenylcalix[4]resorcinarenes
gave a larger value of adsorption percentage as compared to
the non-substituted one, with the order of Calix-2NO, > Calix-
3NO, = Calix-4NO, > Calix-H.

Using the optimum mass of adsorbent (15mg), the
adsorp was examined under different contact times. The
results are shown in Figure 2(b). The amount of adsorbed
gold(lll) ions increased with the increase of the contact time up
to 120 min, suggesting that the equilibrium time was achieved
after 120 min. The Calix-2NO, gave the highest adsorbed
amount of gold(lll) ions at the equilibrium (ge,,,) which value of
47.21 mgqg ™, followed by the Calix-3NO, and Calix-4NO,, which
gave 29.20 and 29.97 mgg~', respectively. The nitro-substituted
C-phenylcalix[4]resorcinarenes showed higher ge.,, values than
the Calix-H, which only gave 2633 mgg .

Isotherm adsorption was studied by varying the initial
concentration of gold{lll) ions. The de dence of initial
concentration on the adsorbed amount of gold(lll) ions is
depicted in Figure 3. The maximum adsorption capacity (qm..,)
values of Calix-2NO,, Calix-3NO,, Calix-4NO,, and Calix ere
confirmed to be 272.70, 163.00, 143.86, and 129.84 mgg
respe . To describe the isotherm adsorption in more
detail, Langmuir and Freundlich models were employed in the
calculation. Whilgpghe obtained data did not give linear
Freundlich plots, the adsorption of gold(lll) ions fitted well the
Langmuir isotherm model as shown in Figure S5 and Table S1.
Since the process followed the Langmuir plot, the adsorption
would occqlmugh a chemical interaction (chemisorption)
rather than physical adsorption (physisorption).

The calculated maximum adsorption capacity (gm,,), the
Langmuir constant (K;), the equilibrium parameter (R,), and
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Figure 3. Isotherm adsorption of gold(lll) ions on the C-phenylcal ix(4]
resorcinarene derivatives.
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coefficient of determination (R’) for Langmuir plots are listed in
Table 1. The gm_,, values of Calix-2NO,, Calix-3NO,, Calix-4NQ,,
and Calix-H were 286.95, 17841, 16797, and 138.99 mgg ',
respectively. It was obvious that these gm_,. values were very
similar to those of the real uptake values (gm.,,). Besides, taking
the initial concentration of 05 mM, the R, values were
confirmed in the range of 0.51-0.75 suggesting that the
gold(lll) ions adsorption on all adsorbents was a favorable
process.

Good adsorbents can be evaluated from some parameters,
such as the high maximum capacity of adsorption as well as
the short equilibrium time. Table 2 lists the comparison of
these two parameters on several reported adsorbents and the
prepared adsorbents in this work. The Calix-2NO, showed a
remarkably higher maximum adsorption capacity
(272.70 mgg ') than other adsorbent materials, including those
functionalized by thiourea and thiol groups.”**"** Even though
the Calix-2NO, gave a similar level of adsorption capacity to
those of the reported polyethyleneimine"” and bisorbent-
tannin acid immobilized dialdehyde corn starch,"® the Calix-
2NO, required a much shorter equilibrium time (2h) than
either the polyethylene imine (6 h)" or the biosorbent-tannin
acid immobilized dialdehyde corn starch (12 h),"® highlighting

potential use of the Calix-2NO, as a good adsorbent for the
gold(ll) ions.

Kinetics and thermodynamic studies

The kinetics of gold(lll) ions adsorption was examined byﬁr
kinetic models, namely first order, second order, pseudo-first-

order, and pseudo-second-order adsorption. As listed in
Table 3, mo! the C-phenylcalix[4]resorcinarene adsorbents
gave better alue for the pseudo-second-order adsorption
than ot inetics models. As the adsorption process of

gold(lll} ions followed the pseudo-second-order kinetic model,
the rate-determining step for gold(lll) ions adsorption would be
the surface adsorption onto C-phenylcalix[4]resorcinarene
adsorbents.***" This could involve the surface interactions of
the hydroxyl and nitro functional groups of C-phenylcalix[4]
resorcinarene with gold(lll} ions. This adsorption model was
also proposed for other metal ion adsorption on carbon
nanotube adsorbent.”!

Table 1. Langmuir parameters of gold(lll) ions adsorption on C-phenylcalix-
[4]resorcinarene derivatives.

Adsotbent qm K, (Lmg 'f¥ R R

(mgg Tyl
Calix-2NO, 286.95 471x10° 0.68 0.9949
Calix-3N0O, 178.41 531x10° 0.66 09936
Calix-4NO, 167.97 3.30x10° 0.75 0.9930
Calix-H 1& 9.78x10° 0.51 0.9904
[a] gm... value was calculated from the inversed slop linear Langmuir

plot (see Table 51 for Langmulr equation). [b] K, was obtained from the
Langmuir plot (see Table 51 for Langmuir equation). [c] R, value was

calculated from the inversed value of 1+ (K, x Co).
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model, the amount of adsorbed gold(lll) ions in equilibrium
could be calculated (ge,,.). It was confirmed that the ge values
obtained from the experimental and the calculated ones were
at a sil level to each other, suggesting that the proposed
kinetic model was suitable to explain the adsorptiong@rocess.
The adsorption rate constants (k) were determined from t 35
pseudo-second-order model and the wvalues are also listed in
Table 3. It was obtained that the k values of the C-nitro-
phenylcalix[4]resorcinarenes were higher than that of the Calix-
H. Besides having the highest maximum adsorption capacity,
the Calix-2NO, also showed the fastest adsorption rate towards
gold(ll) ions.

To understand the diffusion model in gold(lll) ions
adsorption, two types of adsorption diffusion models were
examined, which were intraparticle and liquid film diffusions.
The equations used and the lues for each model could be
seen in Table 3. In general, the adsorption data were better
fitted to the intraparticle than the liquid film diffusion model.

Full Papers Europe
ChemistrySelect doi.org/10.1002/slct 202101067 Sartues Fubaning
Table 2. Comparison of adsorption capability towards gold(lll) ions using several adsorbent materials.
Adsorbent wlolirbent amount Contact time (min) qm,, Reference
(gL™) (mgg )
Calcined gibsite 040 1440 12.00 [71
Activated carbon 128 360 9.95 [13]
Polyethylene imine 100 20 286.00 [14]
Montmerillonite/alginate 100 720 1.49 [15]
composite
Tannin acid immobilized 083 120 298.50 [16]
dialdehyde corn starch
Clay mineral composite 400 60 108.30 [28]
Thiourea modified 150 400 118.46 [29]
magnetite nanoparticle
Mesoporous silica adsorbent 100 120 78.80 [30]
Thiol-cotton fiber 20 n.a. 68.00 [31]
Thiol-functional ized 150 220 43.70 [32]
Fe,0,@5i0; microspheres
Thiol-ene hydrogel 50 120 4519 [33]
Calix-2NO; 150 120 272.70 @em work
Calix-3NO; 150 120 163.00 resent work
Calix-4NO, 150 120 143.86 Present work
Calix-H 150 1440 129.84 Present work
Table 3. Kinetic and adsorption diffusion models of gold(lll) adsorption using C-phenylcalix[4]resorcinarene derivatives.
Model Equation R
Calix-2NO, Calix-3N0O, Calix-4NO, Calix-H
Kinetic Models
irst order In gt=—k t+In go 00825 0.9546 0.9650 0.9859
Second order m— kt+1/ge 09208 0.9656 0.9642 0.9930
Pseudo first order n (ge-gt)=In ge-k t 09059 0.9761 0.9168 0.9972
tigt={BIRe *+tige 09921 09817 0.9806 0.0008
geq (mgg ) 4824 3136 30.50 29,95
Pseudo second order G, (Mgg ) 4721 2920 20.97 2633
kigmg 'min ") 19810 * 161x10°* 159x10* 1.14x10°*
Adsorption Diffusion Models
Intraparticlggifusion gl os +C 09273 09938 0.9405 0.9901
w k(mgg 'min 2% 371 2,81 237 232
Liguid film diffusion In (1-gtige) =—kt 09829 0.9761 0.9280 0.8449
gsed on the linear plots e pseudo-second-order  This result showed gat the adsorption of gold(lll) ions onto the

C-phenylcalix[4]resorcinarene materials was a diffus| con-
trolled process. Since the adsorption data fitted the Budu—
second-order and intraparticle diffusion, the overall rate-
determining step could be complex. As the trend of the

ulated adsorption constant rate (k) values emplo this
intraparticle diffusion model were similar to that of the pseudo-
second-order kinetic model, the adsmptimate would be
strongly affected by the diffusion-controlled process.

The thermodynamic parameters such as enthalpy change
(4H), Gibbs energy change (AG), and entropy change (AS)
values of the gold(lll) ions adsorption were investigated on the
C-phenylcalix[4lresorcinarenes by varying the adsorption tem-
peratures. The correlation between these parameters can be
determir@ according to the following egquations (1)-(4),
whereas K is the equilibrium constant, C, is the concentration
ggnld(lll} in the C-phenylcalix[4]arenes after adsorption (mM),

. is the equilibrium concentration of gold(ll) ions in the

ChemistrySelect 2021, 6, 5366-5373  Wiley Online Library 5369 @ 2021 Wiley-VCH GmbH
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aqueous solution (mM), R is the gas constant (8.314 Jmol 'K™"),
and T is the adsorption temperature (K)."*"!

K =¢,/C, (1)
din K/d(1/T) = —~4H/R 2)
(6]

AG= —RT In K (3)
In K =AS/R—AH/RT (4)

The giulated thermodynamic parameters are listed in
Table 4. The gold(lil} ions adsorption on all the C-phenylcalix[4]
resorcinarenes was shown to be an exothermic process (AH <
0). The AH value can be used to indicate whether the
adsorption is physisorption (—4 to —40 kJmG'} or chemisorp-
tion (—40 to —800 kJmol').*¥ Since the AH values were in the
range of —52.50 to —94.50 kJmol™', the gold(lll) ions adsorp-
tion occurred through a chemisorption process, in good
agreement with the linear Langmuir plot discussed previously.
Since the AH value of Calix-2NO, was much lower than those
of the Calix-3NO, and the Calix-4NO,, the chemical interactions
between gold(lll) ions and Calix-2NO, adsorbent would be
much stronger than those that occurred on the Calix-3NO, and
the Calix-4NO,. The stronger interaction would lead to the
larger adsorbed amount of gold(lll} ions, which could be also
indicated from the larger ge.,, and gm.,,, values, whereas the
order waCaIixfENOZ > Calix-3NO, == Calix-4NO,.

The AG values were in the range of —10 to —13 kimol™,
indicating that the gold(lll} ions adsorption on C-phenylcalix[4]
resorcinarene derivatives occurred spontaneously. Increasing
the adsorption temperature resulted in a lower amount of
adsorbed gold(lll) ions as the adsorption-desorption equili-
brium would be affected. A similar effect in the adsorption
process was reported in which the increased temperature led
to a decrease in adsorption driving force* Therefore, a
temperature of 298 K was the most preferable temperature to
obtain the highest gold(lll) ions adsorption. All the C-
phenylcalix[4]resorcinarene derivatives gave nega AS val-
ues, implying that the randomness was decreased in the solid-
solution interface during the adsorption process, which was
similar to the previous report.*”’ Again the AS value on the
Calix-2NO, was more negative than the other adsorbents,

%o 4. Thermodynamic parameters on the goldilll) adserption of using C-
nitrophenyl Alresorcinarenes at different adsorption temperatures.
Adsorbent % AH{klmol ) AG(Kmol )  ASUmel "K'
298 —13.37 —272.2
Calix-2NO, 303 —94.50 —11.64 —273.5
308 —10.65 —272.2
298 —12.27 —136.5
Calix-3NO, 303 —52.96 —11.47 —136.9
308 —=10.91 —136.5
298 —12.37 —134.7
Calix-4ND, 303 _s5250 —11.55 —135.1
308 —11.02 —134.7

ChemistrySefect 2021, 6, 5366-5373  Wiley Online Library
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suggesting that the least disordered adsorption occurred on
the Calix-2NO,.

Effect of nitro group position

As shown previously, the nitro substituent (-NO,) enhanced Ee
adsorption capability of the C-phenylcalix[4]resorcinarene
framework, where the order was Calix-2NO, > Calix-3NO, =
Calix-4NO, > Calix-H. To elucidate the reasons for such a result,
spectroscopic studies using FTIR and 'H-NMR were performed
to compare the adsorbent materials before and after the
adsorption process. The FTIR spectra of aq—phenylcalixlﬁt]
resorcinarene derivatives before and after the gold(lll) ions
adsorption are shown in Figure 4. The stretching vibration of
the hydroxyl group (-OH,,) of C-phenylcalix[4]resorcinarenes
could be observed around 3372.8-3428.8 cm™'. The vibration
peaks were shifted to a highel avenumber at 3401.8-
3447.1 cm™' after the adsorption of gold(lll) ions. When the
gold(lll) ions were adsorbed on C-phenylcalix[4]resorcinarene,
the partially negative oxygen atom in the hydroxyl group could
form electrostatic interactions to the gold(lll) ions, forming the
gold(lil}-calix complex. Such interactions would lead to the
disturbance on the intramolecular hydrogen bonding of C-
phenylcalix[4]resorcinarene. Therefore, it was reasonable to
observe the shifting of the -OH,, signals to a higher wave-
number region. The shifting difference of each C-phenylcalix[4]
resorcinarene derivative before and after the adsorption
process was calculated. it was found that the difference in
-OH,,, stretching wavenumbers for Calix-2NO,, Calix-3NO,, and
Calix-4NO, were 41.5, 29.0, and 18. ~', respectively. This
result suggested that the strongest electrostatic interactions
occurred between the gold(lll) ions and the Calix-2NO,.
Furthermore, the stretching signal of the —NO, group in C-
phenylcalix[4]resorcinarene was also shifted to a higher wave-
number caused by the intramolecular interactions between the
~MNO, groups and the gold(lll) ions. It was found that the
difference in -NO, stretching wavenumbers for Calix-2NO,,

; Calit-aNO, ‘
3447 1cm’? ., AU 8 mM g

iA=18.3 cm’

Calix-4NO,

Calix-3NO,
+ Au?t 8 mM

Transmittance (a.u)

=39cm?

- l A
3373.8cm’! 1342.2 cm™

I T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

4000

Figure 4. FTIR spectra of C-nitrophenylcalix[4]resorcinarene adsorbents be-
fore and after adsorption of gold(lll) ions.
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Calix-3NO,, and Calix-4NO, were 3.9, 20, and 18cm,
respectively. This result indicated that the —NO, group
facilitated the gold(lll) ions adsorption.

To further clarify the supr. ecular interactions above, the
'H-NMR spectra of Calix-2NO, before and after the gold(lll} ions
adsorption were recorded and shown in Figure 5. The Calix-
2NO, was used as the representative adsorbent as it exhibited
the highest adsorption capacity for gold(lll) ions. It was obvious
that the proton signals from the —OH group in Calix-2NO, were
simplified to be a broad singlet and shifted to the downfield
from 9.0 to 8.75 ppm after the gold(lll) ions adsorption. This
result suggested that some of the —OH groups could be
deprotonated due to electrostatic interaction with gold(lll)
ions.™ Meanwhile, the weakened hydrogen bonding would
lead to the downfield shifting. In addition, the aromatic rings of
Calix-2NO, after gold(lll) ions adsorption were confirmed to be
more ordered than before the adsorption, indicating the
formation of a more rigid conformation as the result of the
interactions in the gold(lll)-calix complex. The aromatic proton
signals of free Calix-2NO, were found as multiplet which
attributed to the mobile conformation of the Calix-2NO,. In
contrast, the aromatic proton signals of gold(ll)-calix complex
was simpler and sharper, which suggested that the gold{lll)
ions locked the Calix-2NO, in cone conformation due to cation-
7 interactions as previously reported."" The merging of the
—~CH, proton signal from the methine bridge was also observed
that also supported the existence of goldilll)-calix in cone
conformation.

It was demonstrated that the position of nitro substituent
affected the adsorption capacity of the Calix-H differently. As
for the Calix-2NO,, the —~NO, group was in ortho position which
was very close to the position of the hydroxyl group in calix[4]
resorcinarene framework. This position would create a strong
stabilization inductive effect, giving the high complexation
energy to form gold(lll}-calix complex. As a result, the stronger
interaction would lead to a higher adsorption capability. Since
the —NO, group of the Calix-3NO, and the Calix-4NO, was
located at meta and para position, weaker complexation
energy of gold(lll)-calix was generated, yielding a lower gm
value than the Calix-2NO, but higher than the Calix-H.

Ar-Resorcinol moiety +

Ar-Benzaldehyde moiety -CH,
—_—

(methine
bridge)
-OH f
(Hydroxyl)

|
LA il |

o A'r-BeHz_aIdahyda
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) “.oH  ArResorcindl
(l-l'lydruxy.rl} maietyl

-CH;
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Figure 5. 'H-NMR spectra of Calix-2NO, before and after adsorption 9
gold(lll) ions.
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Desorption of gold(lll) ions and reusability test

The calculated complexation energy as well as the FTIR and 'H-
NMR spectra revealed that among the C-phenylcalix[4]
resorcinarene derivatives, the Calix-2NO, has the strongest
supramolecular interactions towards gold(lll) ions. A further
study was conducted to desorb the gold(lll) ions that were
adsorbed onto C-nitroph calix[4]resorcinarenes with the
help of an acidic solution. It was obtained that the desorption
of gold(lll) ions were 7.36, 820, and 14.14mgg™' or 1558,
28.09, and 47.18% for Calix-2NO,, Calix-3NO,, and Calix-4NO,,
respectively, when using HCI 0.1 M after 2 h-contact time.
Among the C—nitnmnylcalixH]resorcinarenes, the Calix-2NO,
gave the lowest amount of desorbed gold(lll) ions, again
indiggming the strongest interactions of the Calix-2NO, towards
the gold(lll) ions.

The desorption percentage of gold(lll) ions from the Calix-
2NO, could be improved further when employing an acidic
solutiol h greater concentration or stronger acidity. Increas-
ing the HCl concentration from 0.1 to 1.0 M slightly increased
the desorption percentage from 15.58 to 20.02%. By using
stronger acid reagents, i.e. 1.0 M HNO, and 1.0 M H,50,, higher
desorption percentages were achieved as high as 25.18 and
31.22%, respectively. Since the acidic solution treatment could
not desorb completely the gold(lll) ions, another desorption
process was employed. It wggreported that the acidic
conditions could lead to the reduction of gold(ll) ions to

(0).7* Such reduction mechani as also reported in
the adsorption of gold(lll) ions on the tannin acid immobilized
dialdehyde corn starch"® Therefore, the possibility that C-
phenylcalix[4]resorcinarene mediated partially the reduction of
gold(lll) under acidic conditions could not be excluded. Since
H,0, has been reported to increase the rate of Au oxidation
and metallurgical Au recovery,”*® H,0, was used to leach out
the reduced gold(lll} from the Calix-2NQ, via the oxidation
process. It was confirmed that additional gold(lll) desorption
was achieved (69.28%), giving a successful completion of
gold(lll) desorption from the Calix-2NO,. Comparison to thiol-
functionalized adsorbent,”"" the desorption process on the
Calix-2NO, was milder as thermal process and highly concen-
trated acid solutions were not required.

The gold(lll}-free Calix-2NO, adsorbent was then reused for
the adsorption of gold(lll) ions up to three cycles. Each
adsorption process was followed by desorption treatments
stated abowve. After three cycles, the adsorption of gold(lll) ions
on the Calix-2NO, was mostly at the same level of 82.15, 7741,
and 75.10%. The desorption of gold(lll) ions reached ~100%
after each cycle. Furthermore, the structure of Calix-2NO, was
not significantly changed after reusing it for three cycles as
shown from the FTIR and DR UV-vis data in Figures 56 and 57,
respectively. All these results indicated the stability and the
potential capability of the Calix-2NO, to be employed in
gold(lll) recovery process.

© 2021 Wiley-VCH GmbH




Chemistry

Full Papers Europe
ChemistrySelect doi.org/10.1002/slct 202101067 Soraes bubhhimg

Proposed supramolecular interactions between gold(lll) ions
and C-phenylcalix[4]resorcinarene derivatives

Since the adsorption of gold(ll) ions using C-phenylcalix[4]
resorcinarene derivatives happened through a chemisorption
process, the interactions between gold(ll) ions and the C-
phenylcalix(4]resorcinarene could occur through the formation
of gold(lll}-calix complex. Our experimental data showed that
the existence of the —~NO, group at ortho (Calix-2NO,), meta
(Calix-3NO,), and para (Calix-4NO,) positions enhanced the
adsorption capability of the Calix-H adsorbent. The —-NO, group
at the C-phenylcalix[4]resorcinarene framework would interact
with gold(lll) ions as its oxygen atoms have a partial negative
charge. Moreover, the spectroscopic study confirmed that the
hydroxyl groups interacted with gold(lll) ions through electro-
static interactions. All these results suggested that the gold(lll)
ions would interact better when the position of the —NO,
group is closer to —OH or in other words when the —NO, group
is in the ortho position.

As the C-phenylcalix{4]resorcinarene has been recognized
to have a cavity to trap metal ions through cation-n
interaction, "™ the possibility to form the gold(ll)-calix
complex inside the calix cavity could not be neglected. This
would give us at least two possibilities to form the gold(lll)-calix
complex, ie., outside the calix cavity and/or inside the calix
cavity. The plausible interactions between the gold(lll) ions and
the Calix-2NO, are then proposed in Figure 6. The complex
structure was proposed considering the cone conformation of
calix as supported by its 'H-NMR spectrum.

Conclusion

Three types of nitro-substituted C-phenylcalix[4]resorcinarenes
were successfully synthesized with the yield of 39.6-955%
through a single-step reaction. The optimum amount, contact
time, and temperature for gold(lll) ions adsorption on all the C-

(b) HO Q9 & OHHO

Figure 6. Plausible formation of gold(ll)-calix complex structure at the (a)
outside and (b) inside of the calix cavity.
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phenylcalix[4]resorcinarene adsorbents were 15mg, 120 min,
and 298 K, respectively. Under the optimum conditions, the
qm,,, values for gold(ll) adsorption on the Calix-2NO,, the
Calix-3NO,, the Calix-4NO,, and the x—H were obtained as
272.70, 163.00, 143.86, and 129.84 mgg ', respectively. The
gold(lll) ions adsorption process fitted well the Langmuir plot
and it was shown as a favorable process on all adsorbents. The
kinetic studym/ealed that the gold(ll) ions adsorption
followed the pseudo-second-order kinetic model and could
occur through the intraparticle diffusion mechanism. The
thermodynamic parameters indicated that the adsorption
occurred more on Calix-2NO, due to the higher exothermic
enthalpy energy, as also supported by its spontaneous process
and less disordered entropy. From the spectroscopic studies, it
was revealed that the gold(lll) ions interacted with both
hydroxyl and nitro groups as well as aromatic rings of C-
phenylcalix[4]resorcinarene derivatives through electrostatic
and cation-m interactions. Furthermore, when the -NO, group
was located closer to calix[4]resorcinarene cavity, the gold(lll)
ions could be adsorbed stronger, resulting in the adsorption
capability was also in the order of Calix-2NO, > Calix-3NO, =
Calix-4NO, = Calix-H. The reusability test demonstrated that the
Calix-2NO, can be applied to the recovery of gold(lll) ions.

ﬁpporting Information Summary

Supporting Information includes the detailed experimental
section, th -NMR, “C-NMR, LC chromatogram, and HRMS
spectra of C-phenylcalix[4]resorcinarene derivatives, Langmuir
plots for adsorption of gold(lll) ions on C-phenylcalix[4]-
resorcinarene derivatives, the FTIR and DR UV-vis spectra of the
Calix-2NO, before and after reusability test, ell as the
coefficient determination using four adsorption models for the
adsorption of gold(lll) ions on the C-phenylcalix[4]resorcinarene
derivatives.
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