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Abstract

A three-dimensional graphene-based composite was prepared by a simple
one-step in-site reduced-oxide method under atmospheric pressure. The ob-
tained hydrogel was modified with 4-amino-benzenesulfonic acid and con-
nected with ethylenediamine, and freeze-dried into an aerogel, which was
characterized. Then the surface interaction with platinum (Pt, IV) was ex-
plored. The obtained aerogel showed good adsorption for Pt (IV) at acid con-
ditions, giving a rising to the adsorption rate > 98% while pH > 6. Using
hexadecyl trimethyl ammonium bromide of 2% (m/V) as an eluent to desorb
the Pt (IV) from the surface of the aerogel, a desorption rate of 81.1% was
obtained in this process. Urea, buffer aquation and other surfactants were
used in the desorption experiment to understand the adsorption mechanism
between the aerogel and Pt (IV). In this work, hydrogen bond, van der Waals
force and electronic interaction force mainly drove the adsorption process.
For obtaining more purified Pt (IV), we used 0.5% CTAB to desorb Pd (II). A
new three-dimensional graphene-based composite was prepared and the sur-
face interaction between Pt (IV) and composite was experimented for under-
standing the adsorption mechanism and exploring its potential application in
sample preparation in low concentration.
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1. Introduction

Platinum was confirmed by British chemist Watson in 1748. Pt has good wear
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and tarnishes resistance characteristics, which is well suited for making fine jewe-
Iry. Besides, its chemical property is extremely stable, excellent high-temperature,
rich charge-transfer transitions, face-centered cubic and shows a strong charac-
teristic of absorbing gas, such as H, [1] [2]. Therefore, it attracted researchers’
interest to widely exploit it for industrial applications, such as catalyst [3] [4] [5]
[6] [7], including the chemical industry, petroleum industry and automobile cat-
alyst et al, electronic components [8] [9] [10] [11], chemical and biological sen-
sors [12] [13] [14], anticancer drugs [15] [16] [17] [18] and luminescent plati-
num complex probe [19] [20] [21] [22]. As the global platinum reserves are very
limited, the output of main producing countries continue to decline. World re-
sources of platinum-group metals (PGMs) are estimated to totally more than
100 million kilograms, about 115,000 kilograms of palladium and platinum were
recovered globally from new and old scrap in 2021, including about 53,000 kilo-
grams recovered from automobile catalytic converters in the United States [23].
China mainly imported platinum from South Africa and Russia to meet the re-
quirement because of the fewer reserves. Platinum and palladium both have high
density, high melting point and boiling point, resulting in difficulty to separate
and purify, multistage extraction and multiple organic extractants are usually
needed. Solid extraction appeared to improve the enrichment ratio, decrease en-
vironmental pollution, save time and meet the requirements of the recovery of
trace and microscale substances. Graphene oxide (GO) has a honeycomb-like
six-ring structure and oxygen-containing groups, making it modified easily in
the preparation process. It is a precursor to other graphene-based materials in-
cluding two-dimensional (2D) and three-dimensional (3D) structure [24] [25]
[26] [27]. Graphene-based materials as solid extractants have a big potential to
be applied in sample pretreatment by functionalizing graphene oxide, due to the
intrinsic biocompatibility, enlarged adsorption capacity, increscent specific sur-
face area and the obtained selective specificity. There were a few papers that re-
ported the enrichment of Pt (IV) in low concentrations by solid extraction. In
this work, the new 3D graphene-based aerogel was prepared, and we used it to
adsorb 80.0 pg-mL™" Pt (IV) to exploit a new method of recycling Pt (IV) in trace

concentration from recycling solution.

2. Materials and Methods
2.1. Materials and Reagents

Urea, hexadecyl trimethyl ammonium bromide (CTAB), 4-amino-benzenesulfonic
acid, sodium dodecyl sulfate (SDS), tetrabutylammonium bromide (TBAB),
ethylenediamine (EDA), platinum (IV) chloride and palladium (II) chloride
were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). 0.04 M
phosphoric acid, boric acid and acetic acid were mixed, and pH was adjusted by
using 0.2 mol-L™' NaOH for preparing Britton-Robinson (B-R) buffer. The other
reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). And all the reagents employed were analytical reagent grade unless

stated otherwise. Deionized water was used in the whole experiment process.
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2.2. Preparation of the Three-Dimensional Graphene-Based
Aerogel

GO was prepared by oxidizing and peeling graphene powders by using strongly
oxidizing reagents, such as potassium permanganate, hydrogen peroxide, con-
centrated sulfuric acid et al, according to improved Hummers’ method by Chen
[28]. GO aqueous suspension was obtained by adding 50 mg GO into 100 mL
deionized water, then sonicating for a few hours till GO dispersed evenly in the
solution. 5 mL 4-amino-benzenesulfonic acid of 20 mg-mL™" was mixed with 5
mL GO suspension, the mixture was sealed and put into a water bath without
stirring at 90°C for 7 h under the atmosphere temperature. Before the heating
process, 100 uL EDA was added into the solution and mixed immediately. After
the reaction, the black reduced graphene oxide (rGO) hydrogel was obtained
first, then taken out and washed carefully with deionized water until pH = 7, and
finally freeze-dried hydrogel under a vacuum for at least 48 h for future use. The

obtained aerogel composite was shortly named the 4-AAG composite.

2.3. Characterization of the 4-AAG Composite

Fourier transform infrared (FT-IR) spectra of the 4-AAG composites and GO
were recorded by using an IR Prestige-21 spectrometer (Shimadzu, Japan). The
surface charge properties of the composite in B-R buffer aqueous solution were
easured by a Nano-ZS90 Zetasizer (Malvern, UK). The surface morphologies of
the 4-AAG composite were recorded under an Ultra Plus scanning electron mi-
croscope (SEM, Zeiss, Jena, Thuringia, Germany), in which Schottky field emis-
sion electron sources were used. X-ray photoelectron spectroscopy (XPS) scan-
ning curves of the 4-AAG composite were obtained on an ESCALAB 250 spec-
trometer (Thermo Fisher, Waltham, MA, USA). Raman spectra of the 4-AAG
composite were recorded on a Laser Raman spectroscopy (LabRAM XploRA,

Paris, France) with a 638 nm excitation laser.

2.4. Pt (IV) Adsorption and Desorption Process

As a solid adsorbent, 1.0 mg of the 4-AAG composite was mixed into 1.0 mL of
Pt (IV) chloride acid solution (the original concentrations were all 80.0 pg-mL™")
varied pH from 3 - 12 by B-R buffer in a 1.5 mL centrifuge tube. Afterward, the
centrifuge tube was mixed for a while, then incubated for a few minutes. Finally,
the phase separation was performed via centrifugation. The surfactant, urea and
B-R buffer were used as eluent reagents to recover Pt (IV) retained on the
4-AAG composite in the desorption experiment. Thereafter, the supernatant
(the residual Pt (IV)) was determined by atomic absorption spectrometer (AAS)
AA-6300 (Shimadzu, Japan).

3. Results and Discussion
3.1. Preparation and Characterization of the 4-AAG Composite

The FT-IR spectra of 4-AAG composite and GO showed that GO was reduced
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into rGO (Figure 1). Comparing the FT-IR spectrum of GO, the adsorption
band of C=O0 stretching vibration at 1631.48 cm™' (Figure la) was moved to
1717.70 cm™ and the intensity of C=0 was weaker due to the redox reaction of
the -C=0 on the structure of GO partly happened and the amounts of oxy-
gen-containing groups reduced [24] [28]. It illustrated that part carbonyl groups
were preserved in the structure of the obtained 4-AAG composite after the re-
duction reaction. New adsorption bands of -S=0O stretching vibration at 1056.34
cm™', O=S=0 stretching vibration at 1376.20 cm™' and 1259.52 cm™, S-H stret-
ching vibration at 2364.64 cm™ were observed in the spectrum of 4-AAG com-
posite. Besides, the adsorption band of -NH, out of plane bending vibration at
876.78 cm™' appeared. It demonstrated that parts of sulphone groups on the
structure of the 4-amino-benzenesulfonic acid were reduced into -S=O or -SH,
resulting in sulfuryl, sulthydryl and sulfoxide groups being functionalized on the
structure of the obtained aerogel. Furthermore, amino groups from the EDA
which uninvolved in the reaction were modified on the 4-AAG composite suc-
cessfully.

The variation elemental composition of the 4-AAG composite was determined
by X-ray photoelectron spectrum (XPS) (Figure 2a), the peaks at 164.84, 284.81,
399.82 and 531.71 eV respectively attributed to the sulfur, carbon, nitrogen and
oxygen element. Comparing the XPS spectrum of GO [28], the intensity of the
carbon element was increased because of the decrease of the oxygen-containing
functional groups, and two new peaks of sulfur element and nitrogen element
appeared. The changes indicated that oxygen was substituted by sulfur from
4-amino-benzenesulfonic acid and nitrogen from ethylenediamine. Besides, the
characteristics of sulfur were inserted into Figure 2a, which were the peaks at
164.95 eV and 159.6 eV respectively assigned to S2p,,, and S2p,, in the spectrum
of S2p for the 4-AAG composite. It illustrated that GO was reduced and mod-
ified by EDA and 4-amino-benzenesulfonate, which was consistent with the re-
sults of the FT-IR spectrum of the 4-AAG composite (Figure 1a).

Both Raman spectra of GO and 4-AAG composite had two intense D band
and G band (Figure 2b), in which D band corresponds to the breathing mode of
aromatic rings with dangling bonds and G band is associated with the bond
stretching of sp” carbon pairs, which belongs to the feature peaks of graphene
[29]. The D/G intensity ratio of the GO composite was 0.993, while the corres-
ponding ratio of the 4-AAG composite was 1.05. After the reaction process, the
D/G intensity ratio increased from 0.993 to 1.05, which was consistent with pre-
vious papers [30] [31] [32] [33]. It meant GO was reduced into a 4-AAG com-
posite successfully.

The SEM images of GO and 4-AAG composite were characterized by the
scanning electron microscope (Figure 3). As shown in Figure 3a, van der Waals
force or conjugate interaction drove GO sheets adhere or stack together to form
mono block [34] [35] [36]. After the reaction, the stacking sheets became thinner

than GO sheets and the wrinkles distribution is much clear. The sizes of holes
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distributed randomly in the internal structure. A material that is under the ac-
tion of high temperatures is influenced by a heat flow which will involve a tem-
perature distribution [37] [38], resulting the different pore-diameters. It illu-
strated that a three-dimensional foam-like structure was forming after GO in si-

tu self-assembly under atmospheric pressure.
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Figure 1. FT-IR spectra of 4-AAG composite (a) and GO (b).
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Figure 2. X-ray photoelectron spectrum of the 4-AAG composite (a). Insert a narrow scan of sulfur ele-
ment. Raman spectra (b) of GO (a) and 4-AAG composite (b).
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Figure 3. SEM images of GO (a) and 4-AAG composite (b).
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3.2. Pt (IV) Adsorption/Desorption Experiment

The adsorption behavior of Pt (IV) on the surface of the 4-AAG composite was
performed in a 4 mM B-R buffer where pH varied from 3 - 12 (Figure 4). The
good adsorption rate of Pt (IV) was obtained in the acidic condition, while the
increase of pH resulted in a decrease in adsorption efficiency (Figure 4a). In in-
dustrial production, Pd (II) was one of the main interferences in separating Pt
(IV) by liquid-liquid solvent extraction. It was very difficult to isolate Pt (IV)
from Pd (II) and Pt (IV) mixture of acidic aquatic solution because of their sim-
ilar properties. Then we used palladium (II) chloride as a model to investigate
the adsorption behavior on the surface of the composite as illustrated in Figure
4b. The 4-AAG composite exhibited a weaker adsorption affinity to Pd (II) un-
der pH 3 - 7, giving a rising of adsorption rate < 50%. For further understanding
the adsorption process of Pt (IV), we explored the effect of time on the adsorp-
tion efficiency of the 4-AAG composite at pH 6 (Figure 4d). The adsorption ef-
ficiency increased with the addition of time, while the adsorption efficiency
slightly descended to ~80% after 40 mins. As shown in Figure 4c, the 4-AAG
composite charged negativly ranging from pH 4 - 12, electrostatic attraction can
drive Pt (IV) ions to adsorb onto the composite.

The desorption experiment was performed to understand the adsorption me-
chanisms further, we used SDS, TBAB, B-R buffer and deionized water as elu-
ents to replace Pt (IV) from the surface of the composite as illustrated in Figure
5. All of them only can elute less part of Pt (IV), giving a recovery of Pt (IV) of
43.42 %, 12.45 % and 41.85 % respectively attributed to 0.5% SDS, 0.5% TBAB
and pH 9 B-R buffer. Moreover, CTAB and urea were used in Pt (IV) and Pd (II)
desorption experiments as shown in Figure 6. While the desorption rate of Pt
(IV) was effectively improved to 53.96% and 81.13% due to the using 1% urea
and 2% CTAB, respectively. Urea was used as an eluent as one of the methods to
prove the existing of hydrogen bonds, which had been reported in papers [39]
[40] [41]. Urea can displace Pt (IV) from the surface of the composite, meaning
that hydrogen bond interaction plays an important role in the adsorption
process (Figure 5b). As shown in Figure 6a, the desorption rate ups end with
the amount of CTAB added. However, the concentration of CTAB > 2%, was
difficult to dissolve and the solution was turbid easily, which influenced deter-
minate results. The recovery rate of Pt (IV) was >66% while the concentration of
CTAB was >1.5%. CTAB is a commonly used cationic surfactant. CTAB com-
peted with Pt (IV) ions to adsorb on the negatively charged surface of the
4-AAG composite. It proved that electrostatic interactions have mainly driven Pt
(IV) adsorb onto the composite. Although TBAB was cationic surfactant and
had branched chains, which were shorter than CTAB. Compared with TBAB
(Figure 5b), CTAB had a long hydrophobic chain, and might easily displace Pt
(IV) by van der Waals force.

From Figure 4b, the 4-AAG composite showed unfavorable for Pd (II) under
acidic conditions. Therefore, the desorption experiment of Pd (II) was per-
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formed by using urea (Figure 6d) and CTAB (Figure 6c) as eluents. The recov-
ery of Pd (II) was 74.56% by using 0.5% CTAB, however, the desorption rate de-
creased as the adding of concentration of CTAB. Besides, 0.5% urea was added
to desorb the adsorbed Pd (II), giving a rise to the recovery of 69.17%. Only a
few Pd (II) were eluted with the increase in the amount of urea. Thus, it is possi-
ble to remove Pd (II) by elution process when the Pt (IV) solution mixes partly

with Pd (II) after the adsorption experiment at acid condition.
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Figure 5. The effect of the amount of SDS (a), TBAB (b) and B-R buffer (c) on the recovery of Pt (IV). Adsorbent, 1.0 mg; volume,
1.0 mL; time, 40 min.
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The adsorption capacity of Pt (IV) onto the surface of 4-AAG composite was
illustrated in Figure 7a. The concentration of Pt (IV) varied from 50 - 200
pg/mL™" with pH 6 and adsorption time was 40 mins, ~115 pg/ mg " adsorption
capacity was obtained. Then, we performed the adsorption and desorption be-
havior of Pt (IV) onto the two composites, which were 4-AAG composite and
three-dimensional aerogel without 4-amino-benzenesulfonic acid. As shown in
Figure 7b, the adsorption efficiency of Pt (IV) improved obviously by using the
modified three-dimensional graphene. Besides, the desorption efficiency of Pt
(IV) from 4-AAG composite was better than graphene aerogel without 4-amino-
benzenesulfonic acid. It meant that the stronger adsorption happened between
the Pt (IV) and graphene aerogel without 4-amino-benzenesulfonic acid, which
harm Pt (IV) recycle. The adsorption and desorption efficiency of Pt (IV) can
effectively improved as a whole, which is in favor of the enrichment of Pt (IV) at
a low concentration.

Finally, to evaluate the enrichment effect of the 4-AAG composite for Pt (IV)
at low concentrations, we used the prepared 4-AAG composite to adsorb 80
pg/mL™" Pt (IV) and Pd (II) mixing B-R buffer (pH 6) solution, then eluted by 1
mL of urea and CTAB, respectively. As shown in Figure 7c, the adsorption of Pt
(IV) was 91.17%, however, the adsorption of Pd (II) added to 61.12%. It was in-
teresting that the existence of Pt (IV) promoted the Pd (II) adsorption process
under pH 6, while the Pd (II) ions had almost no influence on the Pt (IV) ad-

sorption in the mixture solution. Therefore, we might use eluents to remove Pd
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Figure 7. The adsorption capacity of 4-AAG composite for Pt (IV) (a), comparison of the adsorption and recovery of Pt (IV) onto
the two composites (b) and comparison of the adsorption and recovery of Pt (IV) and Pd (II) mixing solution (c).

(II) ions interference for enrichment Pt (IV) according to the results of Figure 6
and Figure 7c. Although 2% CTAB and 1% urea showed a similar desorption
ability for Pt (IV) and Pd (II) from the surface of 4-AAG composite, 0.5% CTAB
can replace 73.15% Pd (II), meanwhile only 16.02% Pt (IV) was eluted. Based on
previous research results, it had a big potential for us to use the obtained 4-AAG
composite to enrich the Pt (IV) from the mixture solution under acidic condi-
tions, then used 0.5% CTAB to remove the Pd (II) from the Pt (IV) collection.

4. Conclusion

In this work, we used 4-amino-benzenesulfonic acid as sulfur resource and EDA
as a crosslinker to prepare the three-dimensional graphene-based composite by a
simple method at atmospheric pressure. Then, the separation and enrichment of
Pt (IV) by using the 4-AAG composite were performed. Pt (IV) adsorbed onto
the composite under the combined action of electrostatic attraction, hydrogen
bond interaction and van der Waals force in this process. The composite showed
a better affinity for Pt (IV) under acidic conditions, while the adsorption of the
composite for Pd (II) was unfavorable enough. The adsorption efficiency of Pd
(II) was improved obviously in the Pd (II)/Pt (IV) mixing solution. Moreover,
0.5% CTAB can desorb most of the Pd (II), and only a few Pt (IV) was eluted. It
can remove Pd (II) from the Pt (IV) solution further. This research provided a
reference surface adsorption interaction between the 4-AAG composite and Pt
(IV). A new graphene-based composite was prepared in a simple way. Then it is
possible to use this composite to enrich Pt (IV) from a low concentration in a
green method, for meeting the requirements of detection limit and low content

recovery.
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