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l modified by non-thermal plasma
in ultrafine water mist for adsorptive removal of
Cu(II) from aqueous solution

Long Wu,ab Zhongsheng Shang,a Shixian Chen,a Jiayong Tu,a Noriyuki Kobayashic

and Zhanyong Li *ab

Non-thermal plasma in ultrafine water mist (UWM) is proposed to increase the content of COOH groups on

the surface of rawwalnut shell in order to improve its performance in the removal of Cu(II) fromwastewater.

The modified walnut shell surface was characterized by various techniques (BET, SEM-EDX and XPS), and it

was observed that more COOH groups were generated. Oxygen disassociated from water mist by plasma

bonded with the walnut shell to form activated sites of COOH groups. After Cu(II) adsorption, the COOH

group content in the walnut shell decreased because some groups were changed into C–O groups by

Cu(II) chemisorption with COOH groups. The Cu(II) removal efficiency was 33.5% for raw walnut shell;

however, the efficiency increased to 98% after plasma modification for 15 min under 3 g min�1 water

mist. The maximum Cu(II) adsorption capacity of the UWM-plasma-modified WNS was 39.4 mg g�1 at

pH 5.3 and 25 �C, around 8 times that of the raw WNS. This implies that UWM-plasma modification is

a potential method for improving the Cu(II) adsorption performance of raw biomass.
1. Introduction

Copper ion (Cu(II)) is a wastewater contaminant that is mainly
discharged from industrial procedures of metal cleaning,
mining, metal-process picking, chemical manufacturing and
plating.1 Cu(II) is one of the most toxic heavy metals; it can
accumulate in living organisms via the food chain as a non-
biodegradable pollutant, leading to serious damage to the
human body.2 In order to remove Cu(II) from wastewater before
inowing into human water resources, many techniques, such
as adsorption, chemical precipitation, ion exchange, bio-
sorption, membrane separation and electrocoagulation, have
been developed.3,4 Among these, adsorption is considered to be
an effective and economic technology because various adsor-
bents can be produced from agricultural and forestry residues
(usually biomass) with signicance for “dealing with waste by
waste”.5–7

Biomass has advantages of low cost and sustainable avail-
ability. Through pyrolysis and physical or chemical treatment of
biomass, products such as biochar, activated carbon and
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synthesized adsorbents have been used for adsorption of Cu(II)
and/or other heavy metal ions with favorable physical/chemical
surface properties.8 Biochar is usually produced from incom-
plete pyrolysis of carbon-rich biomass at 300 �C to 900 �C for
several hours.9 Biochar has good sorption ability for Cu(II) due
to its abundance of oxygen-containing functional groups.1 Many
researchers have modied biochar using chemical agents (such
as FeCl3 and ZnCl2) to further improve its adsorption perfor-
mance.10 Activated carbon with a highly developed porous
texture for favorable adsorption performance was produced in
high-temperature (500 �C to 900 �C) atmosphere involving
activating agents, such as H2O (g) and CO2 for physical activa-
tion and ZnCl2, KOH, K2CO3 and H3PO4 for chemical activa-
tion.11–13 The synthesized adsorbent was produced with selected
chemical agents to develop specic functional groups for target
ion removal. This process is usually carried out at 40 �C to 60 �C
and consumes a large number of chemical agents.14 The
abovementioned processes for preparing biomass-derived
adsorbents necessitate high energy consumption and chem-
ical disposal. It is desirable to construct a simple, low-energy-
consuming and environmentally friendly process for adsor-
bent production.

To achieve this objective, non-thermal plasma in ultrane
water mist (UWM) was employed to modify raw biomass; then,
the modied biomass was directly used as an adsorbent for
Cu(II) removal. It is known that non-thermal plasma can
generate energetic electrons and highly active radicals that
increase the active functional groups on the surface of adsor-
bents.15,16 The plasma modication equipment is simple and
RSC Adv., 2018, 8, 21993–22003 | 21993
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consumes low energy; neither high temperature pyrolysis nor
chemical agents are involved. Moreover, H2O plasma media is
clean, inexpensive and readily available. It has been reported
that water vapor plasma can generate oxygen-containing func-
tional groups,17 which have positive effects on the Cu(II)
adsorption process.18 In the literature,17,19,20 an additional heat
source (i.e. 60 �C to 100 �C) and/or vacuum conditions were
required to change liquid water to vapor (gas-phase) in an
experimental plasma system. However, this method requires
a complex device system and is expensive. In this study, instead,
a simple and effective method is proposed where ultrane water
mist is rst introduced by atomization in ambient temperature
for non-thermal plasma modication of raw biomass. The
effects of modication time, UWM mass ow rate and different
plasma atmospheres on Cu(II) removal efficiency were investi-
gated. Brunauer–Emmett–Teller (BET), scanning electron
microscopy, energy dispersive X-ray (SEM-EDX) and X-ray
photoelectron spectroscopy (XPS) tests were also conducted to
explore the UWM-plasma modication process and Cu(II)
adsorption mechanisms on modied walnut shell.
2. Materials and methods
2.1. Sample pretreatment

The walnut shell (WNS) used in this study was collected from
Tianjin, China. The raw walnut shell was ground and sieved to
a particle size of 0.35 to 0.56 mm and then washed with distilled
Fig. 1 (a) Schematic of the treatment system of non-thermal plasma in

21994 | RSC Adv., 2018, 8, 21993–22003
water to remove impurities. The moisture in the walnut shell
particles was removed by drying for 12 h at 105 �C.

Fig. 1a shows the experimental setup of non-thermal UWM-
plasma modication. The non-thermal plasma was generated
using a dielectric barrier discharge (DBD) reactor (DBD-100A,
CTP-2000K, Suman Corporation, China). Two quartz circular
plates 70 mm in diameter and 3 mm thick were used as barrier
materials, and two stainless steel plates 50 mm in diameter
were used for electrodes. The barrier-to-barrier gap was 8 mm.
1.0 g of walnut shell particles were evenly spread in the DBD
plasma reactor. An ultrasonic nebulizer was used to atomize the
distilled water into an ultrane mist 1 to 10 mm in diameter at
room temperature (25 �C), as shown in Fig. 1b. Then, the
ultrane water mist and highly pure Ar (99.9%, vol. base) were
mixed and introduced into the plasma reactor at room
temperature. The gas ow rate of Ar was maintained as
a constant of 100 ml min�1. The pressure of the reactor
chamber was controlled at 95 kPa via a vacuum pump (BUCHI,
Switzerland). Each ow rate was adjusted using a mass ow
meter. The UWM mass ow rate was varied from 0.5 to 3
g min�1. The modied walnut shell was designated as WNS-
WxTy according to different processing conditions. Wx denotes
x g min�1 of UWM mass ow rate, and Ty denotes y minute of
plasma modication time. For example, WNS-W3T15 indicates
that the WNS was modied by plasma in 3 g min�1 UWM for
15 min. Additionally, samples of WNS-W3 (the WNS was placed
in 3 g min�1 UWM atmosphere for 15 min without non-thermal
plasma modication) and WNS-T15 (the WNS was modied
ultrafine water mist and (b) image of the ultrafine water mist.

This journal is © The Royal Society of Chemistry 2018
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with non-thermal plasma under Ar atmosphere without UWM)
were compared to study the effects of UWM-plasma modica-
tion on the Cu(II) adsorption performance of walnut shell. The
non-thermal plasma was produced in the DBD reactor via an
alternating current with a 10 kHz audio frequency and 5 kV peak
voltage. A digital oscilloscope was used to measure the input
power via Lissajous diagrams. The discharge power for non-
thermal plasma was 75 W.
2.2. Chemicals

The stock solutions of Cu(II) were prepared by dissolving
CuSO4$5H2O in deionized water to a concentration of 1.0 g L�1

and then diluting this solution to the appropriate concentration
for each test. All chemicals used in this study were of analytical
grade.
2.3. Cu(II) adsorption

Batch adsorption experiments were conducted by mixing 0.5 g
prepared walnut shell samples with 50 ml prepared Cu(II)
solution at the natural solution pH (5.3). The Cu(II) adsorption
experiments were performed in a thermostated rotary shaker
(ZWY-103B, ZHICHENG Corporation, China) for a period of 2 h
at 300 rpm using a 100 ml screw-cap conical ask with 50 ml
prepared Cu(II) solution at room temperature (25 � 0.5 �C).
Before measuring the Cu(II) concentration in the solution for
each case, the adsorbent was separated from the sample by
ltering aer adsorption at different time intervals. Then, the
remaining concentration of Cu(II) in the ltrate was analyzed by
a Cu(II) meter (S220 SevenCompact ion meter, Mettler-Toledo,
Switzerland) with an accuracy of �0.5%. In order to ensure
good repeatability of the experimental data, each measurement
was repeated at least three times. The error bars of the data were
estimated based on the standard deviation of the measure-
ments. The Cu(II) removal efficiency (ht, %) was determined
according to the following equation:

ht ¼
C0 � Ct

C0

� 100% (1)

where C0 (mg L�1) is the initial Cu(II) concentration and Ct (mg
L�1) is the Cu(II) concentration at a contact time of t.
2.4. Regeneration tests

Adsorption–desorption regeneration cycle tests for Cu(II)
removal were conducted to investigate the possibility of
repeated use of the UWM-plasma modied WNS. The adsorp-
tion test was conducted at pH 5.3 with an initial Cu(II)
concentration of 100 mg L�1, adsorbent dosage of 0.5 g/50 ml
and agitation speed of 300 rpm. When the desorption test was
conducted, the Cu(II)-loaded adsorbent was stirred with
0.1 mol L�1 HCl solution (pH 2) and was allowed 120 min of
contact time at 25 �C (room temperature). The adsorption and
desorption procedures were repeated for three cycles using the
same activated carbon in different solutions.
This journal is © The Royal Society of Chemistry 2018
2.5. Data analysis

The adsorption isotherms of Cu(II) on raw WNS and UWM-
plasma modied WNS were tted with the Langmuir model in
this study.

Ce

qe
¼ 1

Qmaxb
þ Ce

Qmax

(2)

where Qmax (mg g�1) is the maximum capacity; b (L mg�1) is the
Langmuir adsorption constant; Ce (mg L�1) is the equilibrium
concentration of Cu(II); and qe (mg g�1) is the amount of Cu(II)
adsorbed per unit mass of adsorbent at equilibrium.

The Pseudo-rst-order model, Pseudo-second-order model
and Weber–Morris model were implemented to analyze the
adsorption kinetics of Cu(II) on raw WNS and UWM-plasma
modied WNS:

Pseudo-first-order model: ln(qe � qt) ¼ ln qe � k1t (3)

Pseudo-second-order model :
t

qt
¼ 1

k2qe2
þ 1

qe
t (4)

Weber�Morris model : qt ¼ kintt
1
2 þ C (5)

where k1 (min�1) is the rate constant of the Pseudo-rst-order
equation; k2 (g (mg�1 min�1)) is the rate constant of the
Pseudo-second-order equation; kint (mg (g�1 min1/2)) is the
intraparticle diffusion rate constant; and C (mg g�1) is
a constant related to the boundary layer effect of adsorption.
2.6. Sample characterization

The textural properties of the raw walnut shell and plasma
modied walnut shell particles were determined by measuring
N2 adsorption–desorption isotherms at 77 K (Belsorp-max,
MicrotracBEL Corp., Japan). The morphological features of
the samples were characterized by scanning electron micros-
copy (SEM, Nanosem 430, FEI, USA), and their elemental
compositions (C/N/O/P/Cu) were analysed by energy dispersive
X-ray (EDX). The surface bindings of the samples were charac-
terized by X-ray photoelectron spectroscopy (XPS) with surface
excitation at 1253 eV by an Mg X-ray source (PHI 5300 ESCA
system, PerkinElmer, USA). The XPS spectra were calibrated by
setting the binding energy of C1s at 285 eV.
3. Results and discussion

Fig. 2a shows the Cu(II) removal efficiencies of raw WNS, WNS-
W8, WNS-T15 and WNS-W8T15. For each sample, the Cu(II)
removal efficiency increased with adsorption contact time and
reached an equilibrium value in about 90 min; it then main-
tained a constant value with further increase in contact time.
Thus, the adsorption duration was xed at 120 min to assure
that equilibrium was reached. As shown in Fig. 2a, the Cu(II)
removal ability of raw WNS was poor; its removal efficiency was
only 33.5%. The Cu(II) removal performance of WNS-W3 and
WNS-T15 was similar to that of rawWNS. This indicates that the
process of placing the WNS in UWM atmosphere without non-
thermal plasma modication had no effect on the WNS. Also,
RSC Adv., 2018, 8, 21993–22003 | 21995
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Fig. 2 (a) Cu(II) removal efficiency curves of raw WNS, WNS-W3
(placed in 3 g min�1 UWM for 15 min without plasma modification),
WNS-T15 (modified by plasma in Ar without UWM for 15 min), and
WNS-W3T15 (modified by plasma with 3 g min�1 UWM for 15 min); (b)
effects of plasma modification time on Cu(II) removal efficiency; (c)
effects of UWM mass flow rate on Cu(II) removal efficiency. (Condi-
tions: T ¼ 25 �C, pH 5.3, initial Cu(II) concentration: 100 mg L�1).

Fig. 3 (a) Adsorption isotherms of Cu(II) on rawWNS andWNS-W3T15;
(b) the Langmuir isothermmodel for Cu(II) adsorption on rawWNS and
WNS-W3T15. (Conditions: T ¼ 25 �C, pH 5.3).

21996 | RSC Adv., 2018, 8, 21993–22003
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the process of modication with non-thermal plasma without
UWM did not enhance the Cu(II) removal performance of WNS.
In contrast, UWM-plasma modication showed a signicant
positive effect on the Cu(II) removal efficiency of WNS. The
removal efficiency of WNS-W3T15 reached 98%, which is
promising for the removal of Cu(II) from wastewater. This
indicates that non-thermal UWM-plasma modication greatly
increased the Cu(II) removal efficiency of WNS. Meanwhile,
Table 1 Isotherm parameters for Cu(II) adsorption onto raw WNS and
WNS-W3T15

Sample

Langmuir model

Qmax (mg g�1) b (L mg�1) R2

Raw WNS 5.02 0.031 0.994
WNS-W3T15 39.4 0.148 0.927

This journal is © The Royal Society of Chemistry 2018
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Table 2 Adsorption capacities of Cu(II) by various adsorbents

Activated carbon source pH Temperature (�C) qe (mg g�1) Reference

Rice husk-based activated carbon 5 40 15.8 12
Poplar sawdust-based activated carbon 5 20 13.5 22
Olive waste cake-based activated carbon 4.8 25 12.0 23
Walnut shell-based activated carbon 5 40 28.4 24
Phaseolus aureus hull-based activated carbon 7 30 19.5 25
Apricot stone-based activated carbon 6.5 25 22.8 26
Activated carbon (Filtrasorb 200) 4 25 24.1 27
Commercial activated carbon (Hebei Province, China) 5 40 12.6 24
Raw walnut shell 5.3 25 5.02 This study
UWM-plasma modied walnut shell 5.3 25 39.4 This study

Fig. 4 (a) Effects of pH on the Cu(II) removal efficiency of rawWNS and
WNS-W3T15 (conditions: T ¼ 25 �C, initial Cu(II) concentration:
100 mg L�1); (b) the Cu(II) adsorption–desorption regeneration prop-
erties of WNS-W3T15.
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UWM and non-thermal plasma were both requisite factors for
WNS modication.

Fig. 2b shows the effects of plasmamodication time (0 to 30
min) with 3 g min�1 UWM on the Cu(II) removal efficiency of
WNS. The modication time of 0 min represents raw WNS
without plasma modication. It can be seen that the Cu(II)
removal efficiencies on the WNS modied with UWM-plasma
were signicantly higher than those on the raw WNS (modi-
ed for 0 min). The WNS modied for only 5 min by non-
thermal plasma with 3 g min�1 UWM triggered a sharp
increase in the removal efficiency from 33.5% to 74%. With
increasing modication time from 5 to 15 min, the removal
efficiency gradually increased from 74% to 98%. However,
a further increase to 30 min modication time had a negative
effect on the removal efficiency, where the efficiency decreased
to 85.7%. This indicates that the use of UWM-plasma to modify
WNS can effectively improve its removal efficiency for Cu(II).
Moreover, the optimum plasma modication time should be
considered because excess modication has a negative effect on
Cu(II) removal. The use of UWM-plasma was proposed to modify
the WNS by producing more O-containing groups on the WNS
surface, which are important for Cu(II) adsorption. Thus, the
UWM mass ow rate (i.e. the H2O content in the plasma
system), which determines the amount of O-containing groups
during the plasma modication process,17,21 affects the Cu(II)
removal performance of modied WNS. The effects of the UWM
mass ow rate on Cu(II) removal efficiency with 15 min plasma
modication are shown in Fig. 2c. The results show that the
UWM mass ow rate had a positive effect on the removal effi-
ciency, where the Cu(II) removal efficiency generally increased
with the UWM mass ow rate: WNS-W3T15 (98%) > WNS-
W1.5T15 (87.5%) > WNS-W0.5T15 (60.3%) > WNS-T15 (31.5%).
It can be inferred that the content of O-containing groups
increased with increasing UWM mass ow rate during the
plasma modication process, resulting in improvement of the
Cu(II) adsorption performance.

Fig. 3a and b show the adsorption isotherms of Cu(II) on raw
WNS andWNS-W3T15 and the regression plots of the Langmuir
isotherm model, respectively. The kinetics parameters obtained
from the Langmuir model are listed in Table 1. It can be
observed that the adsorption data of Cu(II) by raw WNS and
WNS-W3T15 were well tted by the Langmuir model (R2 values
in the range of 0.927 to 0.994), indicating that the Cu(II)
This journal is © The Royal Society of Chemistry 2018
adsorption by raw WNS and UWM-plasma modied WNS
involved monolayer coverage. Importantly, the maximum Cu(II)
adsorption capacity of WNS-W3T15 is 39.4 mg g�1, nearly 8
times that of the raw WNS (5.02 mg g�1). Table 2 lists some
other adsorbents for Cu(II) adsorption as reported in the liter-
ature for comparison. It can be seen that the UWM-plasma
modied WNS in this study had a much higher adsorption
RSC Adv., 2018, 8, 21993–22003 | 21997
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Fig. 5 SEM images of (a) raw WNS; (b) WNS-W3T5; (c) WNS-W3T15; (d) WNS-W3T30 (magnification: 5000�).

Table 3 Properties of raw and UWM-plasma modified walnut shell

Sample

Element analysis (wt%)

SBET (m2 g�1)C N O P Cu

Raw WNS 50.4 4.06 44.33 1.21 0.0 0.56
WNS-W3T5 45.72 5.7 47.52 1.06 0.0 0.71
WNS-W0.5T15 47.48 5.84 45.41 1.28 0.0 1.11
WNS-W1.5T15 48.06 4.36 46.72 0.86 0.0 0.95
WNS-W3T15 44.09 5.11 50.01 0.8 0.0 0.88
Used WNS-W3T15 42.8 6.31 46.8 1.34 2.75 —
WNS-W3T30 45.21 7.58 45.14 2.07 0.0 1.06
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capacity than commercial activated carbon and other activated
carbons derived from biomass.12,22–27 Fig. 4a shows the Cu(II)
removal efficiencies for raw WNS and WNS-W3T15 under
different pH conditions. Generally, the Cu(II) removal efficiency
increased with increasing pH for both raw WNS and WNS-
W3T15. Moreover, the Cu(II) removal efficiency of WNS-W3T15
was much higher than that of raw WNS for each pH value.
Fig. 4b shows the Cu(II) adsorption–desorption regeneration
results of WNS-W3T15. Although a decrease of the Cu(II)
removal efficiency was observed, WNS-W3T15 still exhibited
good adsorption performance aer three cycles of regeneration,
where the Cu(II) removal efficiency was approximately 82%. This
demonstrates that UWM-plasma-modied WNS possesses
excellent reusability for Cu(II) removal. In terms of practical use
considerations, walnut shell can be readily obtained in large
quantities, and the corresponding cost is much lower than that
of activated carbon. Importantly, the UWM-plasma modied
method used in this study is simple, inexpensive and non-
chemical. Thus, UWM-plasma modication on walnut shell is
a promising and feasible method for Cu(II) removal in envi-
ronmental applications.

The surface physical (porous structure) and chemistry
(functional groups) properties of a carbon adsorbent determine
its adsorption process of ionic species from solution. Porous
structure is an important factor for physical adsorption, while
surface functional groups play key roles in specic adsorption
and surface reactions.28 The UWM-plasma modication
increased the Cu(II) adsorption capacity of WNS, which implies
that the porous structure and surface functional groups were
21998 | RSC Adv., 2018, 8, 21993–22003
changed during the plasma modication process. The surface
morphologies and element analyses of raw WNS and UWM-
plasma modied WNS from SEM-EDX analysis are shown in
Fig. 5 and Table 3, respectively. Fig. 5 shows that the surface of
raw WNS was rough and uneven and its structure was less
porous. Aer the UWM-plasma modication, the surface of
WNS presented an obviously porous structure withmany craters
and was covered with small particles. Moreover, the pore size
increased aer increasing the modication time. This can be
ascribed to the plasma etching effect.29,30 Highly energetic
electrons and active free radicals bombarded the external
surface of WNS and produced the pore structure. Prolonged
plasma modication time strengthened the etching effect and
broadened the pore size. The specic surface areas of raw WNS
and UWM-plasma modied WNS are shown in Table 3. Aer
plasma modication, the specic surface area of WNS
increased. This phenomenon is consistent with the results of
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Kinetics models for adsorption of Cu(II) on raw WNS and WNS-
W3T15: (a) Pseudo-first-order model; (b) Pseudo-second-order
model; (c) Weber–Morris model.
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the SEM analysis. However, the specic surface areas of plasma-
modied WNS were very small (less than 1.2 m2 g�1). Impor-
tantly, as the UWM mass ow rate increased from 0.5 to 3
g min�1, the specic surface areas of the modied WNS
decreased, whereas the Cu(II) removal efficiency increased. This
indicated that physical adsorption was not a key factor in Cu(II)
removal by modied WNS. The adsorption kinetics results of
Cu(II) adsorption onto raw WNS and WNS-W3T15 are shown in
Fig. 6 and Table 4. It can be seen that the Pseudo-second-order
model satisfactorily ts the experimental data, with high
correlation coefficients (R2 in the range of 0.9946 to 0.9985)
compared to the Pseudo-rst-order model (R2 in the range of
0.9314 to 0.9669) and the Weber–Morris model (R2 in the range
of 0.8475 to 0.9029). Furthermore, the calculated values of qe
according to the Pseudo-second-order model tting were quite
close to the experimental data. These results indicate that
chemisorption dominates the Cu(II) adsorption process on raw
WNS and UWM-plasma modied WNS.31

To investigate the components of modied WNS, element
analyses were performed. As shown in Table 3, the O contents of
modied WNS were higher than that of raw WNS, indicating
that UWM-plasma modication added O atoms to the WNS
surface. Moreover, the O content increased with increasing
UWM mass ow rate in the plasma system. When increasing
modication time, the O content of WNS-W3T15 increased to
a maximum and then decreased from 15 to 30 min. The O
content of WNS-W3T15 was 50.01% (wt%); O was increased by
about 5.5% compared to the raw WNS (44.33%). During the
UWM-plasma modication process, the H2O mist dissociated
into reactive radicals of O and OH, which are very powerful and
nonselective oxidizing agents.21 The H2O dissociation in the
plasma system can be given as follows:32,33 H2O + e/ H + OH +
e and OH + e / O + H + e. When the plasma modication time
was longer than 15 min, over-etching may have occurred. At this
time, the O radicals on the WNS surface would be transformed
to O2 according to the reaction: O + O + e/O2 + e.32 Thus, the O
content of WNS-W3T30 was lower than that of WNS-W3T15. In
the UWM-plasma system, the presence of O and OH radicals
can produce strong chemical oxidation effects and can generate
O-containing functional groups on theWNS surface. It is known
that O-containing functional groups (such as –COOH and –OH
groups) are highly benecial for the adsorption of Cu(II).18 On
the other hand, the Cu content of freshly modied WNS (before
Cu(II) adsorption) was 0%, whereas 2.75% Cu (wt base) was
observed for the used WNS-W3T15 (aer Cu(II) adsorption).
This conrms that Cu(II) was adsorbed on the modied WNS
surface.

Samples were analyzed by XPS to determine the chemical
states present in UWM-plasma modied WNS. Fig. 7 shows the
XPS survey spectra and C1s core level spectra for raw and
plasma-modied WNS. As shown in Fig. 7a, carbon and oxygen
are the main elements in raw WNS and UWM-plasma WNS;
these peaks appear at 285 eV (C1s) and 531 eV (O1s), respectively.
It is clear that the oxygen content signicantly increased aer
UWM-plasma modication compared to the raw WNS. This
result is consistent with the element analysis (as shown in Table
3), which conrms that the UWM-plasma modication process
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 21993–22003 | 21999
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Table 4 Kinetics parameters of the Pseudo-first order, Pseudo-second order and Weber–Morris models for Cu(II) adsorption on raw WNS and
WNS-W3T15

Sample
qe exp
(mg g�1)

Pseudo-rst-order model Pseudo-second-order model Weber–Morris model

qe cal
(mg g�1)

k1
(min�1) R2

qe cal
(mg g�1)

k2
(g (mg�1 min�1)) R2 C

kint
(mg (g�1 min1/2)) R2

Raw WNS 3.35 7.56 0.077 0.9314 3.93 0.015 0.9946 0.9291 0.2545 0.8475
WNS-W3T15 9.81 7.31 0.054 0.9669 10.4 0.013 0.9985 5.7735 0.4112 0.9029

Fig. 7 XPS spectra of high-resolution scans for raw and UWM-plasma modified WNS: (a) total survey and (b) C1s core level spectra.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/1
0/

20
25

 4
:3

2:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
loaded oxygen element on theWNS surface. As shown in Fig. 7b,
the C1s spectrum can be tted by four characteristic peaks for
each sample. The peak at 284.1 eV corresponds to C–C groups,
Table 5 Functional groups of raw and UWM-plasma modified walnut sh

Functional
group

Electron binding
energy (eV)

Relative intensity (%)

WNS WNS-W3T5 WNS-W0.5T15

C–C 284.1 39.8 28.5 27.0
C–O 285.5 41.1 28.2 24.5
C]O 286.6 15.6 31.9 35.8
COOH 288.1 3.5 11.4 12.7

22000 | RSC Adv., 2018, 8, 21993–22003
the peak located at 285.5 eV is attributed to C–O groups, and the
binding energy peaks at 286.6 eV and 288.1 eV correspond to
C]O groups and COOH groups, respectively. The electron
ell from the XPS spectra of C1s

WNS-W1.5T15 WNS-W3T15 Used WNS-W3T15 WNS-W3T30

25.4 30.4 29.6 31.9
24.8 26.8 44.3 22.3
31.3 20.7 20.9 32.9
18.5 22.1 5.2 12.9

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) XPS spectra of Cu 2p for WNS-W3T15 (before Cu2+

adsorption) and WNS-W3T15-Cu2+ (after Cu2+ adsorption); (b) XPS
spectra of C1s for WNS-W3T15 and WNS-W3T15-Cu2+; (c) SEM-EDX
image of WNS-W3T15-Cu2+.
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binding energies and relative intensities (calculated from the
corresponding area of the small peak divided by the total area)
of each peak are summarized in Table 5. It can be seen that the
COOH group intensity of raw WNS was 3.5%. Aer UWM-
plasma modication, the COOH group intensities of modied
WNS were greatly increased. With increasing modication time
from 5 to 15 min, the COOH group intensity of modied WNS
increased from 11.4% (WNS-W3T5) to 22.1% (WNS-W3T15). A
further increase in modication time resulted in a decrease in
COOH group content. It can be seen that the COOH group
intensity of WNS-W3T30 was 12.9%, which was less than that of
WNS-W3T15. The COOH group content in WNS-W0.5T15 was
12.7%, indicating that the increase of H2O content in the
plasma system enhanced the production of COOH groups on
the WNS surface. The changes in the COOH groups are
consistent with the O element analysis data in Table 3. This
conrms that UWM-plasma generates COOH groups on the
WNS surface. Based on the results of XPS analyses, the possible
pathways for the formation and transformation of COOH
groups during the UWM-plasma modication process can be
described as follows:

H2O + e / H + OH + e (6)

OH + e / O + H + e (7)

C + O / C]O (8)

C–H + O / C–OH (9)

C]O + OH / O]C–OH (10)

C–OH + O / O]C–OH (11)

In the UWM-plasma system, high-energy active electrons
collided with H2O molecules to form O and OH active radicals.
The C and C–H species on the WNS surface can react with O
radicals by forming C]O and C–OH groups. Thereaer, the
C]O and C–OH species react with OH and O radicals, respec-
tively, and can be converted into O]C–OH groups. Conse-
quently, the content of COOH groups on the WNS surface
increased aer UWM-plasma modication.

To explore the mechanism of Cu(II) adsorption on modied
WNS, the XPS spectra of Cu 2p and C1s for fresh WNS-W3T15
and used WNS-W3T15 (aer Cu(II) adsorption) were investi-
gated, as shown in Fig. 8a and b, respectively. From Fig. 8a, two
new peaks appeared at 932.9 eV and 953.3 eV aer Cu(II)
adsorption; these are representative of the +2 oxidation state for
Cu 2p3/2 and 2p1/2,34 respectively. This indicates that Cu(II) was
successfully adsorbed on the modied WNS surface. As shown
in Fig. 8b, aer the Cu(II) adsorption process, the COOH group
intensity in the used WNS-W3T15 decreased to 5.2%. The C–O
group intensity in the used WNS-W3T15 increased to 44.3%.
This implies that the COOH groups (O]C–OH) changed into
C–O groups during the Cu(II) adsorption process. It is known
that COOH groups are considered to be the decisive chemi-
sorption sites in the Cu(II) adsorption process.14,18,35 In this
This journal is © The Royal Society of Chemistry 2018
study, UWM-plasma modication added new COOH active sites
to the WNS surface and then enhanced Cu(II) adsorption by
chemisorption, which occurred via ion exchange and/or
complexation between positive charged Cu2+ and nonionized
RSC Adv., 2018, 8, 21993–22003 | 22001
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or ionized carboxylic groups (COOH). The possible Cu(II)
adsorption mechanism for UWM-plasma-modied WNS can be
described by the following equations:

R–O]C–OH + Cu2+ / R–O]C–OCu+ + H+ (12)

R–(O]C–OH)2 + Cu2+ / R–(O]C–O)2Cu + 2H+ (13)

To better understand the Cu(II) adsorption process on the
modied WNS surface, SEM-EDX was used to analyze the
distribution of adsorbed Cu(II) on the surface of used WNS-
W3T15. As shown in Fig. 8c, the adsorbed Cu(II) content on
the external surface section was 4.62%, whereas much more
Cu(II) was observed to be adsorbed in the pore section (51.35%
Cu in pore #1 and 19.26% Cu in pore #2). This implies that
when Cu(II) diffused into the external surface of modied WNS,
only a tiny fraction of Cu(II) was adsorbed. Most of the Cu(II)
diffused into the pores which were caused by the plasma
etching effect and was adsorbed at the activated sites of COOH
groups which were produced via the UWM-plasma system.
4. Conclusion

A novel modication method was proposed to improve the
content of COOH active sites on the surface of walnut shell
using non-thermal plasma in ultrane water mist for Cu(II)
removal. The Cu(II) removal efficiency of raw walnut shell was
33.5%; however, this efficiency increased to 98% aer UWM-
plasma modication. Specically, the maximum Cu(II) adsorp-
tion capacity of UWM-plasma modied WNS (39.4 mg g�1) was
8 times that of the raw WNS (5.02 mg g�1) and is much higher
than that of commercial activated carbon. Water mist was dis-
associated during plasma modication and O element was
added to the WNS surface, which provided the requisite factor
to generate activated sites of COOH groups. The relative inten-
sity of the COOH groups was signicantly enhanced by UWM-
plasma modication, which can accordingly improve the
Cu(II) removal performance of WNS.
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