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Abstract: With the application of resins in various fields, numerous waste resins that are difficult to treat have been produced. The indus-
trial wastewater containing Cr(VI) has severely polluted soil and groundwater environments, thereby endangering human health. There-
fore, in this paper, a novel functionalized mesoporous adsorbent PPR-Z was synthesized from waste amidoxime resin for adsorbing
Cr(VI). The waste amidoxime resin was first modified with H;PO, and ZnCl,, and subsequently, it was carbonized through slow thermal
decomposition. The static adsorption of PPR-Z conforms to the pseudo-second-order kinetic model and Langmuir isotherm, indicating
that the Cr(VI) adsorption by PPR-Z is mostly chemical adsorption and exhibits single-layer adsorption. The saturated adsorption capa-
city of the adsorbent for Cr(VI) could reach 255.86 mg/g. The adsorbent could effectively reduce Cr(VI) to Cr(IlI) and decrease the tox-
icity of Cr(VI) during adsorption. PPR-Z exhibited Cr(VI) selectivity in electroplating wastewater. The main mechanisms involved in the
Cr(VI) adsorption are the chemical reduction of Cr(VI) into Cr(IlI) and electrostatic and coordination interactions. Preparation of PPR-Z
not only solves the problem of waste resin treatment but also effectively controls Cr(VI) pollution and realizes the concept of “treating

waste with waste”.

Keywords: waste amidoxime resin; mesoporous adsorbent; H;PO, and ZnCl, processing; Cr(VI) adsorption; electroplating wastewater

1. Introduction

Due to the large adsorption capacity, high adsorption se-
lectivity, stable chemical properties, and insolubility in acids
and alkalis [1-2], resins are widely used in water treatment,
hydrometallurgy, biopharmaceutics [3], three-dimensional
(3D) printing, coating [4], matrix for composites [5], etc.
China is the leading producer of ion exchange resin in the
world, producing a large amount of waste ion exchange resin
or amidoxime chelating resin annually. For example, in the
Guangxi branch of Chalco, amidoxime chelating resins util-
ized for gallium (Ga) adsorption from Bayer solution are dis-
carded after reusing 50-60 times a month. After being re-
used many times, the resin (adsorbent) becomes waste resin.
Moreover, its pore channel collapses and shrinks, specific
surface area decreases, and functional group fails [2]. The
natural degradation of the waste resin is challenging due to its
stable properties. Hence, the resins are mainly treated through
stacking, landfill, solidification [3,6], and incineration [7].
However, stacking and landfilling with waste resin require a
large amount of land, and incineration generates air pollut-
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ants, such as CO, SO,, NH;, and NO, [8]. Amidoxime resin,
one of the waste resins, is a type of chelating resin [1] with
polystyrene as the main skeleton, while amino (-NH,) and
oxime (=N-OH) functional groups are connected to the same
carbon atom. It is widely used in Guangxi, Henan, Shanxi,
Guizhou, and other places in China. These waste amidoxime
resins are sent to the solid waste treatment company for in-
cineration at a cost of approximately $350 per ton [1-2].
Some researchers have focused on recycling waste resin (ion
exchange resin). For instance, Peng et al. [9] prepared a new
iron—carbon composite material by poisoning the waste resin
with iron to remove phosphate from wastewater. Yang et al.
[10] prepared superfine CeO, nanoparticles-modified porous
carbon spheres with waste ion exchange resin to remove
Cr(VI) from aqueous solution, where KOH activation and
Ce(NOs); were used to modify the nanoparticle synthesis.
The process was complex, and its cost was high. Moreover,
the prepared adsorbent only had a small adsorption capacity
for Cr(VI). In summary, many studies have focused on pre-
paring activated carbon using ion exchange resin to recycle
waste resin. However, amine oxime resin has not been stud-
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ied systematically for this purpose till now. Therefore, the
most ecofriendly, economical, and effective approach to
solve the issues of waste amidoxime resin is to reuse it [11].
Furthermore, Cr(VI) and its compounds are widely used
for synthesizing dye and pigment, processing leather, and in
industries such as electroplating and metallurgy. If not effect-
ively treated or controlled, a large number of chromium-con-
taining products will pollute soil and groundwater environ-
ments significantly [12]. Cr(VI) can remain in soil and water
for a long time [13], endangering human health by enriching
the food chain. Cr mainly exists in wastewater in the form of
Cr(VI) and Cr(III) [14], which have different chemical beha-
vior and biological toxicity. Cr(IIl) is an auxiliary compon-
ent for digesting glucose, lipids, and amino acids; hence, it
can be used as a dietary enhancer. Additionally, Cr(VI) can-
not be naturally degraded in wastewater and waste; therefore,
it can easily accumulate in organisms and the human body
and cause long-term harm [15]. The Cr(VI) toxicity is ap-
proximately 100 times more than that of Cr(IlI). Addition-
ally, Cr(VI) is a highly toxic carcinogen and a severely cor-
rosive medium. Therefore, if its concentration in water ex-
ceeds 0.1 mg/L, it will be toxic to the human body [16]. Fur-
thermore, Cr(VI) intake by the human body will damage the
nervous system, leading to dermatitis, renal failure, lung can-
cer, and even death [17]. In particular, heavy metal ions, such
as chromium, cadmium, nickel, copper, and zinc, present in
electroplating wastewater can severely pollute the water en-
vironment [18]. Several methods are available to remove
Cr(VI]) from an aqueous solution, including electrochemical
reduction [19], chemical precipitation [19], solvent extrac-
tion [20], membrane separation [21], adsorption [19], and
biological treatment [19]. Pavithra et al. [22] adopted a three-
phase three-dimensional electric reactor. Electrocoagulation
(combination of coagulation/flotation and electrochemistry)
leads to the formation of a dynamic phase in the coagulant for
removing Cr(VI) ions from wastewater. Kurniawan et al.
[23] used Azotobacter s8, Bacillus subtilis, and Pseudomo-
nas fetid to remove Cr(VI); here, Azotobacter s8 exhibited
good potential for removing Cr(VI) from wastewater.
However, this method is limited by the long bacterial culture
cycle and removal environment, affecting its application on a
large scale. Compared with other processing technologies,
adsorption technology has the advantages of low cost, flexib-
ility, simplicity, convenient operation, and high sensitivity,
and it can avoid the formation of secondary pollutant waste
[24-25]. Considering the adsorption capacity, the present re-
search is focused on the selectivity of Cr(VI) and the per-
formance stability of adsorbents after desorption. Due to the
strong oxidizing nature of Cr(VI), functional groups often
undergo oxidation during the adsorption and desorption pro-
cesses. Although some studies have considered reducing
Cr(VI) to Cr(IIT) (using oxalic acid) before adsorption to cir-
cumvent this problem, the cycling ability of adsorbent re-
mains an issue that needs to be addressed immediately. As a
raw material, the waste amine oxime resin is easy to obtain
and does not require much recultivation like microbial cultiv-
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ation. The adsorbent prepared from waste amine oxime resin
in this article appeared to have a stable structure and could be
applied in various environments, thereby reducing Cr tox-
icity.

Therefore, a novel functionalized mesoporous adsorbent
(PPR-Z) was prepared for Cr(VI) adsorption from a waste
amidoxime resin. Previous research has often used ion ex-
change resins as raw materials, while this article supple-
ments the research on using waste amine oxime resin as a
carbon source. Furthermore, this article adopts a dual-treat-
ment process involving H;PO, and ZnCl,. Compared with a
single-treatment process, the adsorbent prepared using the
dual-treatment process exhibits larger adsorption capacity.
The prepared adsorbent PPR-Z showed good Cr(VI) se-
lectivity in wastewater. Moreover, PPR-Z has a certain re-
duction ability, and Cr(VI) can be reduced to Cr(IlI) during
adsorption and desorption. The approach presented in this pa-
per can not only remove Cr(VI) pollution from wastewater
but can also effectively solve the problem of waste ami-
doxime resin treatment, thereby realizing the concept of
“treating waste with waste”.

2. Experimental
2.1. Materials and reagents

In this experiment, the waste amidoxime resin (PR, Fig.
S1) was taken from the Guangxi Branch of the Aluminum
Corporation of China. The particle size is 0.2—0.5 mm, and
the moisture content is 54.7%. It was used to separate and re-
cover gallium from alkaline Bayer mother liquor and dis-
carded after one month. The discarded amine oxime resin
was washed with deionized water three times, then dried in
an oven at 50°C for 24 h as raw material. In this study, the
following reagents were used: hydrochloric acid (HCI, ana-
lytical reagent (AR)), sodium hydroxide (NaOH, AR), phos-
phoric acid (H;PO,, AR), sulfuric acid (H,SO,, AR), zinc
chloride (ZnCl,, guaranteed reagent (GR)), ferric chloride
(FeCl;-6H,O, AR), potassium dichromate (K,Cr,O;, AR),
iron nitrate (Fe(NOs);, AR), chromium chloride (CrCl;, AR),
nickel chloride (NiCl,, AR), sodium chloride (NaCl, AR),
ethylenediaminetetraacetic acid (EDTA, AR), potassium per-
manganate (KMnO,, AR), and ammonium chloride (NH,Cl,
AR). These reagents were purchased from Beijing Sino-
pharm Group, China.

2.2. Preparation of sorbent

To select the best preparation method, 11 types of adsorp-
tion materials were prepared by changing the treatment re-
agent, pyrolysis temperature, and nitrogen flow speed (see
the supplementary material S1 and Table S1 for the prepara-
tion process) to investigate their adsorption capacity. The op-
timal material was found to be PPR-Z, which was prepared as
follows: First, waste resin (PR) was washed with deionized
water thrice and dried for 24 h in an oven at 50°C. Further,
5 g PR and 50 mL 40vol% H;PO, were added to a 100 mL
beaker and stirred at 40°C in a thermostatic water bath at 500
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r/min for 4 h. Subsequently, the resin was washed with de-
ionized water thrice and dried in an oven at 50°C for 24 h.
Next, ZnCl, and dried resin with a mass ratio of 1:1 were ad-
ded to 50 mL water, soaked for 30 min, and then kept in an
80°C oven for curing for 12 h. Further, the resin was placed
in a tubular furnace for slow pyrolysis with a heating rate of
3°C/min for 2 h (500°C), and then it was naturally cooled.
The pyrolysis process occurred in N, atmosphere with a gas
flow speed of 0.1 L/min. Finally, after slow pyrolysis, the
material was washed with 0.1 mol/L hydrochloric acid (HCI)
and deionized water until the pH reached neutral. The sample
was then dried at 80°C for 24 h to prepare a new material,
PPR-Z.

2.3. Sample characterization

The concentration of Cr(VI) ions in samples before and
after adsorption was measured using inductively coupled
plasma atomic emission spectrometry (ICP-AES; ICPS-
7510, Shimadzu Co, Japan). The synchronous thermal ana-
lyzer (SDT650) was used to understand its changes in the
heating process under nitrogen atmosphere. The structure of
PPR-Z was analyzed using Brooke D8 X-ray diffractometer
goniometer (XRD; A24A10). The specific surface area and
pore size distribution of PPR-Z were measured using a full-
automatic specific surface area analyzer (TriStar II 3020).
Morphology observation and energy spectrum analysis were
carried out by in-sifu scanning electron microscope (SEM)
nano performance testing and energy spectrum testing sys-
tem (Sigma 300). The microscopic morphology of PPR-Z
was further observed using a 300 kW field emission trans-
mission electron microscope (TEM REI TECNAL G2 F30).
The valence state of Cr(VI) ion in solution was identified by
ultraviolet—visible—near  infrared  spectroscopy (UV-
3600Plus). The surface charge of PPR-Z was measured us-
ing a highly sensitive Zeta potential analyzer (Nanobrook
Omni). The chemical structure of the substance was identi-
fied by the infrared spectrogram of the sample obtained by
Fourier-transform infrared spectroscopy (FTIR; IRTracer-
100). Before and after the adsorption, the PPR-Z spectro-
gram was analyzed to explore the main functional groups and
their chemical bonds in the adsorption process. X-ray photo-
electron spectroscopy (XPS/INA-X Specs) explored the ad-
sorption mechanism.

3. Results and discussion
3.1. Selection of sorbent

We used phosphoric acid, nitric acid, potassium hydrox-
ide, and ZnCl, as modifiers to prepare different types of func-
tionalized mesoporous adsorbents, as presented in supple-
mentary information Table S1. Herein, the effect of temper-
ature, atmosphere, and time on the adsorption amount were
investigated, as shown in Table 1. The adsorption experi-
ment was performed under the following conditions: 1 g/400
mL, 400 mg/L of Cr(VI) solution, pH = 4, temperature of 303
K, and water bath shaker vibration frequency of 140 r/min.

All experiments were set up in three parallel groups to en-
sure the accuracy of the experimental data. Table 1 shows
that the adsorption capacity of the adsorbent prepared using
ZnCl, treatment is better than that of adsorbents prepared by
treating with NiCl,, FeCl;, and others. The adsorption capa-
city of PPR-Z prepared using H;PO, and ZnCl, was 84.92
mg/g. To better demonstrate the pyrolysis conditions re-
quired for preparing PPR-Z, the effects of pyrolysis temper-
ature and nitrogen flow rate on adsorption capacity were
studied. Under the same processing conditions, adsorbents
PPR-T40 (400°C) and PPR-T60 (600°C) were prepared at
different pyrolysis temperatures. Adsorbents PPR-N4 (0.4
L/min) and PPR-N7 (0.7 L/min) were prepared with differ-
ent nitrogen flow rates while maintaining other conditions
same as above. An investigation of the adsorption capacity of
the aforementioned adsorbents revealed that their adsorption
capacity was less than that of PPR-Z. PPR-Z was the best
among all the adsorbents prepared in this experiment. After
continuously treated with H;PO, and ZnCl,, the adsorption
material (PPR-Z) prepared through slow thermal decomposi-
tion exhibits excellent adsorption capacity.

3.2. Material characteristics

3.2.1. Pyrolysis, XRD, and pore size analyses
Thermogravimetric (TG) differential thermal analysis was
conducted on untreated waste amidoxime resin (PR) and res-
in treated with H;PO, and ZnCl,. Fig. 1(a) shows that there
are three stages in the weight-loss process. When the temper-
ature increased from 50 to 200°C, the mass loss was about
9.3wt%, mainly caused by the volatilization of residual wa-
ter molecules in the internal cavities and pores of the resin.
The pyrolysis process entered the second stage when the tem-
perature reached 200°C. An exothermic absorption peak ap-
peared on the differential scanning calorimetry (DSC) curve,

Table 1. Adsorption capacity (Q) of different adsorbents for
Cr(VD)
N, flow
Number Name ;Femperature/ speed / o/ 4
C (L-min"") (mg-g™)
1 PPR-Z 500 0.1 84.92
2 PR 500 0.1 9.54
3 PR-4P 500 0.1 50.48
4 PR-SNIZnCL= 500 0.1 51.12
5 PR/NiCl, 500 0.3 11.32
6 PR + Fe(NO;); 800 0.3 27.28
7 PR +20%KOH 500 0.5 14.64
8 PR-T400 400 0.1 13.88
9 PR-Mn 500 0.3 14.68
10 PR + FeCly 600 0.3 34.60
11 PR/ZnCl, = 1:1 500 0.1 68.16
12 PPR-T40 400 0.1 43.37
13 PPR-T60 600 0.1 48.05
14 PPR-N4 500 0.4 48.55
15 PPR-N7 500 0.7 51.76
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(a) Thermogravimetric plots of untreated and H;PO, and ZnCl, treated resins; (b) XRD plots of PPR-Z before and after ad-

sorption; (c) N, adsorption—desorption isotherm at standard temperature and pressure; (d) Pore size distribution of PPR-Z.

and its mass loss was attributed to the decomposition of
structure on the resin chain and the decomposition of its
functional groups [26]. When the temperature continued to
rise to the third stage, the mass loss increased by 30wt%,
which may be related to the cracking of the styrene chain in
the resin and the breaking of C—H on the benzene ring, thus
forming an uncertain carbon structure [27]. Fig. 1(a) depicts
that the second stage of the resin after treatment with H;PO,
and ZnCl,, was extended from 350 to 550°C, and the pyro-
lysis process shifted from the low-temperature zone to the
high-temperature zone. The temperature ranges in the second
and third stages were relatively wider. In contrast, the heat re-
lease process of PR was relatively concentrated, and more
heat was released in a short time, whereas the heat release
from the resin treated with H;PO, and ZnCl, was extended by
50°C, and the heat release process of the DSC curve is
smoother. This indicates that the treated resin decomposed
more slowly and fully during heating, which is conducive to
forming porous structures.

According to the results of a study conducted by Wang et
al. [28] and Rodrigues et al. [29], the pyrolyzed resin would
produce a certain type of carbon comprising an aromatic ring
structure, edge carbon of graphite sheet layer, and disordered
carbon. In addition to using waste resin as a precursor materi-
al for the pyrolysis of carbon, a large number of materials can
serve as precursors for generating carbon, such as waste tires
[30], peanut shells [31], and animal manure [32]. Fig. 1(b)
presents the XRD diagram of PPR-Z before and after adsorp-

tion. There was a broad diffraction peak between 20° and
30°, corresponding to the peak of amorphous carbon. The
peak shape and position of PPR-Z were consistent with that
reported by Rodrigues et al. [29], indicating that PPR-Z
lacked a definite crystal structure, and the resin forms a dis-
ordered carbon material during heating and cracking [33].

Fig. 1(c) depicts the N, adsorption—desorption isotherm of
PPR-Z under relative pressure. The BET data of PPR-Z were
consistent with the I-type isotherm model [34] and the H4-
type hysteresis loop model [35], respectively. Supplement-
ary information Table S2 shows that the specific surface area
of PPR-Z was 1188.58 m%g, and the average pore size was
3.3704 nm, indicating many mesopores in PPR-Z after pyro-
lysis. Fig. 1(d) demonstrates that the pore dimension of PPR-
Z was primarily distributed between 3 and 4.5 nm, confirm-
ing that PPR-Z contained abundant micropores and meso-
pores. The H4-type hysteresis loop model shows that the pore
structure was irregular and contained narrow fissures [35]. A
large specific surface area and abundant micropores and
mesopores inside PPR-Z can provide many sites for ion ad-
sorption.
3.2.2. Morphological and structural analysis

Fig. 2 depicts the characterization of PPR-Z using SEM
and energy dispersive spectrometer (EDS). The PPR-Z pre-
pared by pyrolysis has an irregular sheet structure, exhibiting
numerous pore structures on its surface. Fig. 2(b) and (c)
shows that the PPR-Z surface is uneven. On magnifying to
100 nm, many slit pore structures are revealed to be distrib-
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Carbon 64.85% Nitrogen 26.58% Oxygen 8.14% Phosphorus 0.06% Chlorine 0.37%

Carbon 51.49% Nitrogen 26.37% Oxygen 19.92% Phosphorus 0.09% Chlorine 0.6% Chromium 1.52%

Fig. 2. (a—d) SEM images of PPR-Z; EDS images of PPR-Z (e) before and (f) after adsorption; (g—h) TEM morphological analysis

of PPR-Z.

uted on the smooth PPR-Z surface, as shown in Fig. 2(d).
This proves that the pore structure of PPR-Z is irregular and
belongs to narrow fissure holes and distribution of surface
and interior of PPR-Z, increasing the specific surface area of
the material. Fig. 2(e) depicts that PPR-Z mainly comprises
C, N, O, and P. After adsorption, PPR-Z adsorbs Cr(VI), as
shown in supplementary information Table S3.

To further understand the micropore structure on the sur-
face of the PPR-Z sample, its morphology was analyzed us-
ing a TEM, as shown in Fig. 2(g) and (h). The sample con-
tains numerous pore structures on its surface and inside, and
the distribution distance between the pores is very close. the
change in the light field can reveal a part of the pore structure,
but there are only a few regular round pores, indicating that
there are predominantly irregular slit pores. The uneven dis-
tribution of bright and dark fields at a magnification of 50 nm
indicates that the sample surface and its internal pore struc-

tures are irregular.

Therefore, BET, SEM, and TEM have confirmed that
PPR-Z has a very dense pore structure, which turns into an ir-
regular sheet material at the macro level. At the micro level,
the surface of the material looks smooth, with some meso-
pores and macropores. Many fissure pores on the surface and
inside of the material provide favorable conditions for ad-
sorption.

3.3. Cr(V]) adsorption experiment

3.3.1. Influence of pH and ion selectivity

One of the major features affecting the adsorption effic-
acy is acidity. The acidity of the aqueous phase will influ-
ence the surface charge of the adsorbent, degree of ionization,
and surface metal binding sites. The effect of initial pH on the
adsorption capacity (Cr) of three adsorbents (PR, PR-4P, and
PPR-Z) is presented in Fig. 3. With an adsorption capacity of
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98.21 mg/g at pH = 2, PPR-Z exhibited the highest adsorp-
tion capacity among the three. When pH was gradually in-
creased to 9, the adsorption capacity decreased to 26.64
mg/g. Moreover, PPR-Z showed a better adsorption capacity
for Cr(VI) under acidic conditions. This may be because the
surface positive charge of PPR-Z changed with the pH of the
solution, resulting in a competition between OH™ and Cr. As
pH increased, OH™ hindered the attraction of PPR-Z for
Cr(VI), thereby reducing its adsorption capacity [36]. As
shown in Fig. 3(a), with an increase in the pH, the adsorption
capacity of Cr(VI) by PR increased. The main reason for this
is that the amine oxime resin (PR) relied on amino (-NH,)
and oxime group (—C=N-OH) to form stable coordination
complexes with metal ions. When the acidity was high, -NH,
was protonated to form —NHJ [37]. Conversely, when pH in-
creased, deprotonation of —NHj caused the generation of
—NH,. Hence, stable complexes could be formed with Cr ions
through the combined action of amino and oxime groups.
Due to the presence of a small portion of amine oxime groups
in waste amine oxime resin, the PR adsorption capacity re-
mained unchanged as the pH increased. Therefore, the ad-
sorption capacity of Cr(VI) by PR was very low, and its max-
imum adsorption capacity was only 11.7 mg/g. The adsorp-
tion capacity of PR-4P for Cr(VI) was 80.84 mg/g at pH =1,
which decreased with increasing pH.

100 ¢ (a)/g —e— PPR-Z
Qo —o— PR
80| @ PR-4P
@
% 60 e
o) L
fé/b * @ -1-\i
S 40t :\
——0
20 L L @
R _Q—O—Q/O
._0/0 )
0 1 1 1
2 4 6 8
Initial pH
90
83.32
g0 © SF(Cr/Al) ™
0 SF(Cr/Ca) %
- SF(Cr/Ni) 5
S 60t SF(Cr/Zn) b
= o
S 5ol SF(Cr/Cu) 0
o o0
£ 40} 2
g o
£ 30} s "
o < -3 = b
“a0tie sl oZF [H||le & 2l E
SIS S <34 L ez
0 ) A )

1.0 1.5 2.0 2.5 3.0
Initial pH
Fig. 3.

Int. J. Miner. Metall. Mater., Vol. 31, No. 3, Mar. 2024

Fig. 3(b) shows that PPR-Z can selectively adsorb Cr at a
pH range of 1-3. When pH = 2.5, the adsorption capacity of
PPR-Z for Cr(VI) is 97.37 mg/g, and the adsorption capacity
for Al, Ca, Ni, and Zn is relatively low. PPR-Z has a low ad-
sorption capacity for Cu, which gradually increases with pH.
When pH = 3, the adsorption capacity for Cu reaches 24.82
mg/g. Fig. 3(c) presents the calculated results of separation
coefficient (SF) [38] under different pH conditions; when pH
=2, SFeya = 24.32, SFcuca = 20.17, SFeoni = 68.43, SFcyz, =
36.98, and SF, ¢, = 10.65. The adsorption order of PPR-Z for
ions obtained in electroplating waste liquid is Cr > Cu > Ca >
Al > Zn > Ni. The adsorbent PPR-Z exhibits selectivity for
ions in electroplating wastewater, and it is a good material for
treating Cr(VI) in electroplating wastewater [39].

Various cations and anions exist in actual electroplating
wastewater solutions [38,40]. The specific pH, ion types, and
solubility are shown in supplementary information Table S4.
The adsorption capacity of PPR-Z for cations in actual chro-
mium-containing wastewater under different pH conditions
was carried out to demonstrate the adsorption characteristic
of PPR-Z. As shown in Fig. 3(d), at pH = 2, the adsorption
capacity of PPR-Z for Cr reached 97.05 mg/g, and the ad-
sorption capacity for other cations was very low. Moreover,
as pH rose, iron ions in the solution began to precipitate. The
co-precipitation of iron ions [41] decreased the concentration
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(a) Effect of initial pH on the adsorption capacity of Cr(VI) (adsorbent m = 50 mg, V' = 20.0 mL, 7 = 303 K, Cy(Cr) =

400 mg/L, time = 6 h); (b) Selectivity of PPR-Z for different ions at different pH (adsorbent m = 50 mg, metal ion: 300 mg/L, T =
303 K, V'=40.0 mL, time = 12 h); (c) Separation coefficient of PPR-Z for Cr at pH of 1-3 in mixed systems; (d) Simulation results for

the adsorption capacity of different ions in a real solution.
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of Cr(VI) ions in the solution, which was the main reason for
the increased adsorption capacity of Cr at pH = 3. It can be
concluded that PPR-Z has good selectivity for ions in actual
electroplating wastewater, providing a solution for PPR-Z to
achieve the treatment and recovery of Cr in actual waste-
water.
3.3.2. Adsorption kinetics

Fig. 4(a) depicts the effect of time on the adsorption capa-
city of PPR-Z for Cr(VI). Due to the presence of numerous
pore structures and adsorption sites at the early stage of ad-
sorption, the adsorption efficiency of PPR-Z for Cr(VI) is
high. After 2 h of adsorption, the adsorption capacity reached
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92% of the equilibrium adsorption capacity, and then the ad-
sorption efficiency decreased with time. It took 8 h to reach
the adsorption equilibrium for Cr(VI). When the temperature
increased from 293 to 313 K, the time to reach adsorption
equilibrium was reduced from 8 to 4 h. An increase in the
temperature can also reduce the time required to reach ad-
sorption equilibrium, whereas the maximum adsorption ca-
pacity only increased from 138.25 to 143.15 mg/g with in-
creasing temperature, indicating that the change in temperat-
ure has little effect on the adsorption capacity at equilibrium.
The pseudo-first-order (PFO), pseudo-second-order (PSO)
[42], and Weber—Morris (W-M) intraparticle diffusion mod-
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different Cr(VI) concentrations.
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(a) Adsorption capacity vs. time (adsorbent m = 50 mg, V' = 20.0 mL, pH = 2, and C; = 400 mg/L), (b) Pseudo-primary
model fit, (c) pseudo-secondary model fit, and (d) Weber—Morris intraparticle diffusion model; (e) Variations in Cr(VI) adsorption
amount with Cr(VI) concentration (adsorbent m = 50 mg, V'=20.0 mL, pH = 2, and Time = 8 h); (f) Langmuir isothermal model fit,
(g) Freundlich isothermal model fit, (h) Temkin isothermal model fit, (i) D-R isothermal model fit, and (j) thermodynamic fit for
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el were used to fit the adsorption kinetic data of Cr(VI) ions
(Fig. 4(b), (c), and (d)). By comparing the fitted parameters in
the supplementary material Table S5, it was determined that
the adsorption of Cr(VI) by PPR-Z follows the PSO kinetic
model, indicating that the Cr(VI) adsorption by PPR-Z was
an adsorption process controlled primarily by the chemical
adsorption mechanism [43—44].

As shown in Fig. 4(d) and supplementary material Table
S5, the adsorption process of Cr(VI) by PPR-Z is divided in-
to three stages. The slope is the largest at the initial stage, and
the adsorption capacity increases significantly. The removal
rate of Cr(VI) ions is the highest. Due to the large specific
surface area and microporous, the diffusion resistance of Cr
ions is small. Surface adsorption and microporous surface ad-
sorption were dominant at the first stage. In the second stage,
the slope became smaller. Cr(VI) ions diffused into PPR-Z
through mesoporous and were adsorbed by adsorption sites
on the interior surface. Finally, due to the concentration of
Cr(V]) in the solution decreasing rapidly and ultra-fine pore
diffusion, the diffusion resistance increased, and the adsorp-
tion rate decreased at low temperatures. As the temperature
increased to 323 K, diffusion was enhanced, and the adsorp-
tion gradually reached equilibrium [45]. The linear equation
fitted in the three stages does not pass through the origin,
which indicates that the external diffusion control of particles
is also the rate control step of the adsorption process [46].
3.3.3. Adsorption isotherms and thermodynamics

Isothermal adsorption lines are often used as an important
reference for evaluating the capacity of various adsorbents in
practical work. They are the necessary data required to de-
scribe the interaction between adsorbents and ions. The sat-
urated adsorption capacity of PPR-Z for various Cr(VI) con-
centrations (400-5000 mg/L) is shown in Fig. 4(e). The ad-
sorption capacity of PPR-Z for Cr(VI) increased with an in-
crease in the initial concentration of Cr(VI). When the initial
concentration was 4000 mg/L, the adsorption capacity
reached saturation. As the temperature increased, the adsorp-
tion capacity slightly increased. At 323 K, the maximum sat-
urated adsorption capacity of PPR-Z for Cr(VI) was 255.68
mg/g. To objectively evaluate the adsorption capacity of
PPR-Z, we compared the adsorption capacity of PPR-Z with
those of other carbon-based adsorption materials, as shown in
Table 2. The adsorbent AC-KOH-750 has a large specific
surface area and strong adsorption capacity reaching 370.37
mg/g, due to its modification of pore structure with KOH.
The adsorption capacity of CeO,-modified adsorbent KSAC-
CeO, for Cr(VI) was only 14.00 mg/g. Among them, we
have selected several representative carbon-based adsorbents,
namely, magnetic carbon composites (M-AC), porous
Biochar (ZVI@TBC), carbon nanocomposites (C-DE@S),
and carbon nanotubes (MU-CNTs/Fe-700). The adsorption
capacity of PPR-Z is then compared with those of these ma-
terials to reflect its higher adsorption capacity.

Langmuir, Freundlich, and Temkin isotherm models were
used to fit the adsorption data (Fig. 4(f), (g), and (h)). Supple-
mentary material Tables S6 and S7 show that Langmuir’s R*
is 0.99, Freundlich’s R? is 0.95, and Temkin’s R? is only 0.89
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Table 2. Amount of Cr(VI) adsorbed by different carbon-
based adsorbents

Adsorbents 0/ (mg-gh Reference
PPR-Z 255.68 This work
KSAC-CeO, 14.00 [10]
SLACM 227.7 [47]
AC-NH;-900 95.60 [48]
AC-KOH-750 37037 (48]
ACSs 230.15 [49]
chitosan 82.78 [50]
NTP 6.48 [45]
M-AC 58.39 [51]
ZVI@TBC 186.2 [52]
C-DE@S 142.827 [53]
MU-CNTSs/Fe-700 23.7 [54]

at 293 K, indicating that the Langmuir isotherm model fits
well. Cr(VI) was uniformly adsorbed on PPR-Z in the form
of a single molecular layer, which may be related to the high
specific surface area and rich pore structure of PPR-Z [55].
By fitting the data with the Dubin Radushkevich (D-R) iso-
thermal adsorption model, the R at 323 K was only 0.7818,
but the change in free energy during the adsorption process
can be found through fitting. According to supplementary
material Table S7, when the temperature is higher than 303 K
and the energy is higher than 8 kJ-mol ', the process is dom-
inated by chemical adsorption, confirming the conclusion of
adsorption kinetics fitting. Therefore, the adsorption of ions
on the adsorbent was uniform, indicating that the single mo-
lecule chemistry adsorption mechanism was responsible [56].

The thermodynamics of the adsorption process is a crucial
factor affecting the adsorption process. The thermodynamic
parameters of the system are calculated using supplementary
material S2 Eqgs. (S12), (S13), and (S14). As shown in Fig.
4(j), to obtain Gibbs free energy change AG, enthalpy (AH),
and entropy (AS) are first obtained from slope and intercept.
Supplementary material Table S8 shows that the entropy
(AS) decreases from a positive to a negative value with in-
creasing concentration of initial ion, indicating that an in-
crease in the ion concentration decreases the vacancy resist-
ance during adsorption. This is conducive to adsorption; ad-
ditionally, enthalpy (AH) also decreases with a change in the
ion concentration, implying that the adsorption of Cr(VI) by
PPR-Z is a rather complex process [57]. Enthalpy (AH) is
positive for Cr(VI) adsorption by PPR-Z, indicating that this
process is endothermic. At the same concentration, the value
of AG decreases with an increase in the temperature, suggest-
ing that the reaction is spontaneous; moreover, an increase in
the temperature promotes adsorption [58].

3.4. Chemical reduction and cyclic performance

3.4.1. Chemical reduction

The desorption rate and reuse cycle of the adsorbent are
important factors affecting regeneration. Fig. 5(a) depicts the
influence of desorption type and concentration of desorption
agent on the desorption rate of Cr. As shown in Fig. 5(a),
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5 mol/L sulfuric acid (H,SO,) exhibits the best desorption for
Cr. Therefore, sulfuric acid (H,SO,) is used as the desorption
agent. The concentration of the desorption agent, the amount
of the desorption agent, and the desorption temperature and
time were investigated, as shown in Fig. 5(b) and (c).
Fig. 5(b) depicts that the desorption efficiency of Cr(VI) in-
creased with an increase in the H,SO, concentration, while
Cr(VI) desorption rate reached 81% with the addition of
5 mol/L sulfuric acid. When the solution volume gradually
increased from 20 to 120 mL (Fig. 5(b)), there was little
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change in the Cr(VI) desorption rate. Moreover, temperature
exerted a significant influence on the desorption rate
(Fig. 5(c)). When the temperature increased from 283 to
323 K, the time to reach the desorption equilibrium was re-
duced from 540 to 360 min, and the desorption rate in-
creased from 32.18% to 74.23%, indicating that an increase
in the temperature could not only reduce the time required for
desorption to reach equilibrium, but also improved the de-
sorption rate. The desorption experiment revealed that the de-
sorption rate for 5 mol/L sulfuric acid reached 81.47% at
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323 K.

To prove the reduction effect of PPR-Z on Cr(VI) during
desorption and understand the valence state of Cr ions after
desorption, K,Cr,O; and CrCl; solutions with a concentra-
tion of 500 mg/L in 5 mol/L H,SO, were prepared. The solu-
tion with Cr(X) is the desorption solution of PPR-Z. The
most common valence states of Cr are Cr(VI) and Cr(IlI),
while Cr(II) is a very stable valence state and exists in dif-
ferent forms at different pH values [14,55]. When pH < 3.9,
Cr(III) exists in the form of water-soluble Cr’* cation, and the
amount of Cr’* decreases gradually with the increase of pH to
5. Cr(OH)*" is formed when pH > 5, and when pH > 6, a pre-
cipitate of Cr(OH); is formed, which exists in different forms
with different colors at different pH [55]. The solution was
further analyzed using ultraviolet (UV) spectroscopy to de-
termine the valence form of Cr(X), as shown in Fig. 5(d). Be-
cause Cr(VI) ions are in their highest valence state, there is no
obvious absorption peak. Cr(IIl) exhibits two absorption
peaks at wavelengths of 410 and 580 nm [59]. Moreover, the
wavelength of the absorption peak of Cr(X) matches that of
Cr(Il), indicating that Cr in the desorption solution Cr(X)
existed as Cr(IIl). PPR-Z is compared with conductive poly-
aniline-modified anaerobic granular sludge (AGS) prepared
by Chai et al. [60]. Both adsorbents reduce Cr(VI) to Cr(III).
AGS is used for the reduction of Cr(VI) to Cr(Ill) and ad-
sorption the Cr(IIT). However, a part of Cr(VI) is reduced to
Cr(IIT) during the Cr(VI) adsorption by PPR-Z, and the rest
of Cr(V]) is reduced to Cr(Ill) during desorption. Therefore,
the toxicity of Cr(VI) is reduced during adsorption and de-
sorption.

Acidic conditions can effectively provide H" to reduce
Cr(VI) at pH = 2. Therefore, it was assumed that the follow-
ing reactions occurred in process [61]:

Cr,02 + 14H" + 6¢” © 2Cr** + TH,0.

The XPS spectra presented demonstrate this phenomenon.
The narrow spectrum of Cr adsorbed in PPR-Z shows peak
intensities of Cr(III) at 588.25 and 579.10 eV, indicating that
PPR-Z has indeed reduced some Cr(VI) to Cr(IIl) in the pres-
ence of hydrogen ions after adsorption. A large amount of H"
was consumed during the reduction of Cr(VI). When 5 mol/L
H,SO, was used as a desorption agent to desorb Cr ions,
Cr(VI) adsorbed on PPR-Z was reduced to Cr(III). Because
PPR-Z was positively charged, the reduced Cr(III) was also
positively charged, and under electrostatic action, Cr(IIl) was
discharged from the pore structures of PPR-Z.

3.4.2. Cyclic performance

Fig. 5(e) shows that under the same adsorption and de-
sorption conditions, after five cycles, the adsorption capacity
of PPR-Z gradually decreased to one-third of its original
value, indicating that PPR-Z has a certain cycling value. On
the one hand, due to the incomplete desorption of Cr(VI), it
will occupy the active site of the adsorbent. On the other
hand, the reduction in its adsorption capacity may be a result
of the reduction of Cr(VI) to Cr(Ill) during the desorption
process, which destroys the original structure of PPR-Z [62],
thereby reducing the adsorption capacity of PPR-Z.
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3.5. Adsorption mechanism

Zeta potential, FT-IR, and XPS techniques were used to
explore the adsorption mechanism. As shown in Fig. 6(a),
PPR-Z has the same charged property as ZnNiCr-layered
double hydroxides [63]. The potential of adsorbent PPR-Z is
positive before pH reached 10.15, and the positive potential
strength is high, indicating that adsorbent PPR-Z itself is pos-
itively charged, whereas Cr(VI) exists as negative ions in the
solution (Cr,O37). Therefore, ZnNiCr-layered double hy-
droxides and PPR-Z can interact electrostatically with Cr(VI)
ions [64]. Through charge attraction, Cr(VI) in solution can
enter inside the PPR-Z, accelerating the combination of ions
and active sites, which is conducive to improving the adsorp-
tion efficiency.

The infrared spectrogram before and after the adsorption
in Fig. 6(b) reveals the presence of -OH, —CH,, —C=0,
—C-0, and —CH in PPR-Z adsorbent at peak positions 3415,
2924, 1578, 1185, and 755 cm™', respectively. These are
functional groups that can exist after the pyrolysis of waste
amine oxime resin. Several consecutive absorption peaks at
907 and 750 cm ™' correspond to the stretching vibration of
—CH in the benzene ring [1]. The absorption peak of —C=0
shifts from 1578 to 1593 cm™" after adsorption, and the -C=0
in PPR-Z also exhibits a significant shift, indicating that the
functional group —C=0 interacts with Cr(VI) during the ad-
sorption process. The desorption curve shows that when
Cr(VI) is eluted from PPR-Z, the -C=0 absorption peak re-
turns to the wavelength 1578 cm™ [58].

PPR-Z was analyzed using XPS spectra before and after
adsorption. According to the full spectrum of PPR-Z before
and after adsorption in Fig. 6(c), the characteristic peaks of C
1s, N 1s, and O 1s are at 280, 400, and 530 eV, respectively,
and the characteristic peaks of Cr appear at 580 eV for the ad-
sorbed PPR-Z [65]. This indicates that Cr(VI) was adsorbed
onto PPR-Z. Fig. 6(d) depicts that Cr adsorbed on PPR-Z ex-
hibited two characteristic double peaks, one high and one
low. After the adsorption of Cr on PPR-Z, peaks correspond-
ing to Cr(VI) (577.10 and 586.70 eV) [35] and Cr(III)
(579.10 and 588.25 eV) [66—67] appeared. Simultaneously,
the intensity of the Cr(VI) bimodal is larger than that of
Cr(IlI), indicating that Cr(VI) remained in its main valence
state during the adsorption process. Due to the insufficient
supply of H" in the solution during adsorption, only a portion
of Cr(VI) was reduced to Cr(IIl), consistent with the results
of the UV spectroscopic experiments.

Combined with infrared data, Fig. 6(b), (e), and (f) con-
firms that —C=0 plays a major role in adsorption. In the nar-
row spectrum of oxygen, peaks at 531.15, 532.30, and
533.55 eV correspond to —OH, —C-0, and —C=0, respect-
ively. The binding energy of —C=O shifts from 533.55 to
532.85 eV after adsorption, while that of -C—O in the carbon
narrow spectrum only shifts from 289.10 to 288.85 eV. Thus,
the binding energy shift (0.25 eV) is much smaller than the
binding energy shift (0.7 eV) in the oxygen narrow spectrum,
indicating that -C=0 changed during the adsorption process
and chelated with Cr(VI) at the position of oxygen, making
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Fig. 6. (a) Zeta potential of PPR-Z at different pH; (b) FT-IR spectra of PPR-Z before and after adsorption; (c) XPS full spectrum
of PPR-Z before and after adsorption; (d) XPS Cr(VI) narrow spectrum of PPR-Z after adsorption; (¢) XPS carbon narrow spec-
trum of PPR-Z before and after adsorption; (f) XPS oxygen narrow spectrum of PPR-Z before and after adsorption.

its binding energy change significantly (0.7 eV) [35].
4. Conclusions

The functionalized mesoporous adsorbent PPR-Z was pre-
pared with waste amine oxime resin as raw material and
treated with H;PO, and ZnCl, through slow thermal decom-
position. The maximum adsorption capacity of PPR-Z was
255.68 mg/g at pH =2, T'=323 K, and 7= 8 h. The PSO kin-
etic model and Langmuir isotherm agreed with the experi-
mental data, proving that the adsorption of Cr(VI) by PPR-Z
is a single-layer adsorption dominated by chemical adsorp-
tion. The maximum desorption rate of 5 mol/L sulfuric acid
(H,SO,) for Cr(VI) reached 81% at 50°C and 6 h. Estimation

of SF value using an ion selectivity experiment revealed that
PPR-Z exhibited adsorption selectivity for Cr(VI) in electro-
plating wastewater.

PPR-Z presents an irregular block shape, and the SEM and
TEM analyses implied that the pore structure of PPR-Z is
distributed on its surface and inside. The BET analysis shows
that PPR-Z has a large specific surface area, with an average
pore size of 3.3704 nm and a specific surface area of 1188.58
m*/g. The internal pore structure was characterized using un-
even fissure holes.

According to zeta potential analysis, the positive charge of
PPR-Z itself is conducive to the adsorption of Cr(VI). Before
and after the adsorption, the FT-IR spectra showed that C=O
and Cr have chelated during adsorption. The binding energy
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of —C=0 during the adsorption process obtained by combin-
ing FTIR with XPS suggests that it may have interacted with
Cr(VI) at the position of oxygen. According to the UV ana-
lyses, PPR-Z can reduce Cr(VI) to Cr(Ill). PPR-Z prepared
from waste amidoxime resin is an effective and low-cost en-
vironmental protection material for adsorbing Cr(VI) from
electroplating waste liquid. Simultaneously, its excellent
physical and chemical properties can be further optimized to
improve its adsorption and desorption performance.
Moreover, it can be a reference for using mesoporous ad-
sorbent materials to extract other metal ions.
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Nomenclature

m Mass

Co Initial concentration

C. Equilibrium concentration of Cr(VI) after adsorption
t Time

ky Quasi-first order kinetics rate constant

I Quasi-second order kinetics rate constant

K Freundlich adsorption isotherm equation constant
Kp Dispersion coefficient

K Langmuir adsorption isotherm equation constant
B Constant related to adsorption energy

R Ideal gas constant

14 Volume

T Temperature

[O8 Balanced adsorption capacity

(o2 Adsorption capacity at ¢ time

Om Saturated adsorption capacity

& Polanyi potential
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