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A huge amount of waste printed circuit boards (WPCBs) was produced while the electronic manufacturing
industry developed rapidly. WPCBs mainly consist of organic compounds, which makes it possible to
prepare them into porous carbon as valuable adsorbent. However, WPCBs are also rich in valuable metals.
Cu makes up the most of these metals. It is worth studying whether the residual metal will affect the
application of carbon materials. In this study, the porous active carbon (AC) was prepared from WPCBs as
Keywords: an adsorbent. Sulfadiazine (SD), a widely detected antibiotic contaminant, was used as a target pollutant.
WPCBs Nitric acid (HNO3) was used to modify AC (AC-HNO3) to remove the residual Cu. The experiment results
DFT showed that the adsorption kinetics of SD by AC (k=0.0025) and AC-HNO3 (k=0.0029) can be described
Sulfadiazine better using a pseudo-second-order kinetic equation. The adsorption isotherms of AC and AC-HNO; on
Porous carbon SD could be fitted by the Langmuir model. AC had a larger adsorption capacity than AC-HNOs. Density
functional theory (DFT) calculation results suggested that the —OH group and Cu on the surface of AC
could be the adsorption sites and promote the SD adsorption. This work provides practical methods to

recycle WPCBs into wealth and realized waste control by waste.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As the electronic manufacturing industry develops rapidly, elec-
tronic and electrical equipment is constantly updated, which pro-
duces a large number of electronic wastes. In 2025, the total
amount of waste printed circuit boards (WPCBs) in China will
reach 60 million tons. In the WPCBs, glass fiber is used as the
skeleton and epoxy resin is used as the binder to connect the
metal copper foil and glass fiber to form a composite material
with a complex structure that is difficult to damage under exter-
nal force [1]. WPCBs are rich in valuable metals, such as Cu, Fe, Al,
Sn, Ag, accounting for 30% of WPCBs. It is reported that compared
to other metals, Cu has a composition (around 20% of WPCBs) that
is notably higher than 10 times that of a natural copper mine [2].
There are many methods to recycle WPCBs, among which the me-
chanical/physical recycling technique is commonly used in indus-
try. However, a small amount of metal Cu remains in the non-
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metallic part due to technical limitations in mechanical separation,
which hinders the reuse of non-metallic materials.

Since the non-metallic part of the WPCBs is mainly an organic
compound, it can be considered as the raw material for prepar-
ing carbon materials. In our previous studies, WPCBs can be used
to synthesize porous carbon materials by H3PO4, NaOH, KOH and
steam physical activation method [3-5]. As the raw materials of
WPCBs with residual metal copper, the active carbon prepared by
steam activation will contain residual metal. It is worth studying
whether the residual metal will affect the application of carbon
materials.

Antibiotics are organic substances that can specifically block or
impact other biological processes even in low quantities [6,7]. Sul-
fonamides (SM) are common antibiotics that are employed in a
variety of areas globally, including medicine, aquaculture, animal
husbandry, and others. Sulfadiazine (SD) belongs to sulfonamides
[8]. Given the fact that the majority of the SD in water environ-
ments or sewage treatment plants is found as ng/L or g/L, it is

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Kan, R. Zhang, X. Xu et al.

difficult to degrade in the environment and can cause great harm
to the human body through biological enrichment [9,10]. The ex-
istence of sulfadiazine in the environment may cause the emer-
gence of resistant bacterial strains and damage the organisms of
humans and other creatures [11]. Orte et al. reported that SD is
most toxic toward Phaeodactylum tricornutum and Isochrysis gal-
bana (two species of marine microalgae) among several chemicals
tested [12]. Jin et al. reported that sulfadiazine has an inhibiting ef-
fect on the growth of wheat roots [13]. At present, there are many
methods to remove antibiotic wastewater, among which the ad-
sorption method is widely used on account of its low cost, strong
renewable ability, and remarkable removal efficiency. Porous car-
bon materials as adsorbent have low preparation costs and strong
adsorption capacity, so they have been used in wastewater treat-
ment as hot resources in recent years [14].

Herein, nitric acid (HNO3) was employed to modify WPCBs-
based active carbon prepared by the steam method in the early
stage. Copper in carbon materials can be removed by modification.
The experimental and theoretical calculations were used to study
the adsorption effect of the carbon materials before and after mod-
ification on sulfadiazine.

The WPCBs were obtained from Zhonglyu Eco-recycle Co., Ltd.
(Shandong, China). To obtain the magnetic fraction and non-
magnetic fraction, the WPCB powder was first crushed and sepa-
rated using a grinder, and then the main broken powder was sep-
arated using a magnetic separator. The non-magnetic fraction with
a size lower than 0.25mm is raw material. SD (98%) and all the
other chemical reagents were purchased from Shanghai Macklin
Biochemical Co., Ltd. with analytical grade.

The methods to prepare porous carbon material were carried
out with a two-step approach. In the first step, the raw material
was carbonized for 2h at 600 °C in a chamber type electric resis-
tance furnace (KSY-4D-16). After carbonization, the samples were
rinsed with deionized (DI) water and then kept at 100 °C for dry-
ing. Then, the carbonized sample was activated at 800 °C under
a constant steam flow (110 cm?/min, 0.5 MPa) for 90 min within a
horizontal cylindrical furnace (SKQ-3-10). The porous carbon was
washed with DI water and kept at 100 °C until dry, smashed, and
sieved to obtain a sample with a powder size of 0.15mm (100
mesh). The sample is named AC. During the HNO3; modification ex-
periment, 20 g of carbon was mixed and heated in 500 mL of 70%
HNOj3 at 70 °C for 24 h Then, the modified porous carbon was fil-
tered out and rinsed with DI water. After verifying that the super-
natant was in a neutral pH, the modified porous carbon was dried
for 8h at 100 °C in a dryer. The obtained sample is named AC-
HNOj3. The preparation flowchart is presented in Fig. 1a.

The morphology of AC and AC-HNOs; was studied by a scan-
ning electron microscope (SEM, FEI, NOVA NANOSEM450, USA).
The specific surface area and pore size distribution were analyzed
using a surface area analyzer (JW-BK122W, Beijing JWGB Sci. &
Tech. Co., Ltd., China). The surface chemical functional groups on
the samples were examined with Fourier transform infrared spec-
trum spectroscope (FTIR, 380-Fourier, USA). Density functional the-
ory (DFT) calculation and analysis were conducted by Gaussian
09 [15], MedeA-Vienna Ab initio Simulation Package (VASP) [16],
and Multiwfn software (Text S1 in Supporting information) [17].
The adsorption kinetics and adsorption isotherms were obtained
by batch adsorption tests (Text S2 in Supporting information).

Fig. 1b presents the nitrogen adsorption-desorption isotherms
of AC and AC-HNO3; with the characteristics of Type I and Type
IV. At low pressure, isotherm shows Type I, which suggested that
there were a lot of micropores in the material. The hysteresis loop
at high pressure indicates that there was capillary condensation,
indicating that the material had rich mesopores. The hysteresis
loop was within the range of 0.4~1.0, suggesting that the meso-
pores were widely distributed. It can be seen from Fig. 1c and Ta-
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ble S1 (Supporting information) that both AC and AC-HNO;3; had
micropores, mesopores and a few macropores, but mostly microp-
ores. AC had a high microporous volume and a large specific sur-
face area. After being modified by HNO3, the amorphous microp-
orous and graphite microcrystals formed on the surface of carbon
materials were corroded. As a result, the microporous were grad-
ually expanded and transformed into mesoporous, resulting in a
54.5% of reduction in the surface area and a 57.4% of reduction in
the pore volume.

The FT-IR spectra of AC and AC-HNOs3 are presented in Fig. 1d.
The characteristic peaks at 2924 cm~! and 2425 cm~! are caused
by the vibration stretching of the C-H bond and O-H bond, re-
spectively [18]. The peaks at the binding energy of 1650 cm~! and
1529 cm~! are assigned to the carbon-oxygen double bond (C=0)
and a carbon-carbon double bond (C=C) stretching vibration [19].
The peaks at 1400 cm~! and 1090 cm~! correlates to the stretch-
ing vibration of CH3 and SO5 groups, respectively [20]. The char-
acteristic peak of the P-Cl group appears at 490 cm~! [21]. After
modification with nitric acid, C=0 and CH3 groups disappeared,
indicating that these chemical bonds were broken and the con-
tent of the O element decreased. Meanwhile, the signal of the C=C
group increased, which indicated that more 7-7 bonds existed in
AC-HNOj3. AC and AC-HNOs; have similar infrared spectral bands,
but the absorption peak intensity of AC is smaller than that of AC-
HNO3, which may be due to the distinguishing element contents
of the two carbon materials.

Figs. 1e and f display the SEM images of AC and AC-HNOs. The
activated carbon surface before modification is relatively rough. AC
has a pore structure, but the pore structure distribution is irreg-
ular, and the size is different. This was because the organic sub-
stances in WPCBs volatilize under the high carbonization tempera-
ture, and a rich pore structure was formed under the secondary
activation of water vapor. AC has some small particles attached
to its surface. Combined with the composition of WPCBs, it was
analyzed that these particles were copper particles condensed by
high-temperature heating from the residual copper in the process
of WPCB sorting. Compared with the AC, AC-HNO3; shows an ob-
vious layered structure, and the copper particles disappeared. This
suggested that the metal copper was dissolved when it was modi-
fied by nitric acid. The elemental composition of AC and AC-HNO;
surfaces was analyzed by an energy spectrum analyzer (Fig. S1 in
Supporting information). The content of elements of the samples
changed obviously before and after modification, and the content
of C increased from 28.67% to 89.51%. O element dropped from
25.94% to 10.23%. Si decreased from 4.12% to 0.21%. The content
of Cu decreased from 49.51% to 0.05%. The decrease of Cu indi-
cated that the residual copper in WPCBs was removed by nitric
acid modification.

The adsorption kinetics of SD by AC and AC-HNO3 are exam-
ined using the pseudo-first-order and the pseudo-second-order Kki-
netic model (Text S3 in Supporting information). Adsorption kinetic
is presented in Fig. S2 (Supporting information). The linear fitting
results are presented in Figs. 2a, b and Table S2 (Supporting in-
formation). The first step of the adsorption reaction can be better
described by the pseudo-first-order kinetic equation. But, as the ad-
sorption reaction proceeds, the adsorption data gradually deviates
from the fitting curve. The pseudo-second-order kinetic equation
provides a more accurate description of the adsorption of SD by
AC and AC-HNO; (R? > 0.99). The pseudo-first-order kinetic equa-
tion is generally applied to describe the adsorption kinetics with
a relatively single process. Surface adsorption and internal diffu-
sion are just two of the adsorption processes that are included in
the pseudo-second-order kinetic model. Consequently, the adsorp-
tion procedures were complicated. In the pseudo-second-order ki-
netic equation, the adsorption rate constants (k) are 0.0025 and
0.0029, respectively, showing that the adsorption rate of AC-HNO3
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Fig. 1. (a) Synthesis mechanism diagram for AC and AC-HNOs. (b) Nitrogen adsorption-desorption isotherms, (c) pore size distribution curve and (d) FTIR spectra of AC and

AC-HNOs. SEM and corresponding EDS mapping of (e) AC and (f) AC-HNOs.

50
a 2.5 4 Pseudo-first-order fitting « Ac b Pseudo-second-order fitting
2.0 = AC-HNO, 404
y =-0.0062x+ 2.2671 y=0.1217x + 5.0833
Eﬁ 15 R?=0.9487 30 R?=0.9912
o 1.0 : &
g =
c 05 \\. 204
0.0 y=0.0832x+2.7321
05] y=-00085x+1.8504 101 R=0.9930 . AC
1 re=o9787 « AC-HNO,
-1.0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
t (min) t (min)
C 2 d 20{ AC-HNO, -7 25€
22 18
2 5 1
518 &
E 16 EM
2 1
S 14 & 2
12 10
10 8 P
84— 6 ™
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 45

Ce (mg/L) Ce (mglL)

Fig. 2. Linear fitting results of (a) pseudo-first-order and (b) pseudo-second-order
kinetic model of SD adsorption by AC and AC-HNOs; ([SD]=40mg/L, adsorbent
dosage = 1g/L). Adsorption isotherms of SD on (c) AC and (d) AC-HNO3 (adsorbent
dosage =1g/L).

for SD was faster, while chemical adsorption may occur during the
adsorption of SD.

The adsorption isotherms of AC and AC-HNO3 on SD at 25, 35
and 45 °C are shown in Figs. 2c and d. The data were fitted with
Langmuir and Freundlich models (Text S4 in Supporting informa-
tion). The fitting data are shown in Table S3 (Supporting informa-
tion). SD adsorption capacity of the carbon adsorbent is higher be-
fore modification. The maximum adsorption capacity of the Lang-
muir model for AC at 25 °C is 12.79 mg/g, while AC-HNO5 reduces
to 8.37mg/g. At 25 °C, the coefficients R? of the Langmuir model
are 0.9442 and 0.9197. The fitting coefficients of Freundlich are
0.9897 and 0.9951, which are higher than that of the Langmuir
model. Therefore, the fitting result of the Freundlich model is bet-
ter than the Langmuir model. K; of the Freundlich model is a con-
stant positively related to adsorption capacity. As can be seen from
Table S3, K; gradually increases with the rise of temperature, and
the adsorption capacity of AC is greater than that of AC-HNOs3. The
values of 1/n in the Freundlich model are all less than 1, indicating
that these two carbon adsorbents are favorable for SD adsorption.

DFT calculation was used for a better understanding of the ad-
sorption mechanism. The possible configurations of AC and AC-
HNO3; were optimized by DFT (Fig. S3 in Supporting information).
Electrostatic potential (ESP) is a useful method to show the state
of atoms in a certain configuration [22]. As shown in Figs. 3a-c,
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Fig. 3. ESP of the possible structure of (a) AC, (b) AC-HNO3, and (c) SD; (d) adsorp-
tion energy of AC-HNO3/SD and AC/SD.

Fig. 4. Configurations of SD adsorbed on (a) AC and (b) AC-HNOs. (c, d) Corre-
sponding differential charge density (yellow isosurfaces represent regions of elec-
tron accumulation and blue isosurfaces represent regions of electron loss).

the colors red and blue are employed to represent the positive and
negative electrostatic potential energy values, respectively. Fig. 3a
shows that the Cu atom in the carbon support presented a pos-
itive charge, which could be an adsorption site to combine with
the negative site of the adsorbate. However, without the Cu atom,
the surface of the configuration tended to be negative (Fig. 3b). The
ESP of SD is presented in Fig. 3c, which suggested that the O atoms
bonded to the S atom in SD were negative charges. Hence, the O
atoms in SD could easily be adsorbed on the Cu site of AC. The
adsorption energy (E,qs) of the SD adsorbed on AC and AC-HNO;
indicated that AC had higher E,4; than AC (—1.7eV vs. —0.6eV)
(Fig. 3d). This also suggested that AC had stronger adsorption abil-
ity than AC-HNO;.

Configurations of SD adsorbed on AC and AC-HNO3; were opti-
mized by DFT and presented in Fig. 4. As can be seen, the O atoms
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of SD combined with Cu had a bond. Besides, the H atom in SD
tended to combine with the —OH group on the AC and AC-HNOs to
form a hydrogen bond. The diagrams of differential charge density
show that electrons drifted to the middle of the H-O and Cu-0O
bond, which suggested the —OH and Cu could be the adsorption
sites [23].

In summary, the AC prepared from the WPCBs can be an ef-
ficient adsorbent for SD removal. HNO; modification reduced the
surface functional groups and Cu elements on the carbon adsor-
bent. Besides, the total pore capacity and specific surface area can
also be greatly reduced. Hence, the adsorption capacity towards SD
deceased. This work provided practical methods to recycle WPCBs
into wealth and realized waste control by waste.
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