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Transformation of leaf waste into 3D graphene for water treatment
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ABSTRACT

Transformation of waste into adsorbent achieves treating waste by waste. Here, 3D graphene with
a large specific area was derived from waste leaf and employed for tetracycline removal from the
aqueous solution. The influence of pH value on this antibiotic was evaluated, and then the adsorp-
tion behavior was studied by the analyses of two kinetics models (pseudo-first-order and pseudo-
second-order equations) and two isotherm models (Langmuir and Freundlich). The Langmuir and
the pseudo-second-order were best fitted for tetracycline uptake of the waste leaf graphene (WLG).
The maximum adsorption capacity of WLG calculated from the Langmuir model was 909.09 mg/g.
For the treatment of groundwater, WLG has an effective removal of organic pollutants and heavy
metals, which indicates the fascinating potential application in water treatment. The facile prepara-
tion routine of graphene with low-cost and nontoxic characters is also resulting in macroscopic shape
and excellent adsorption performance of the obtained 3D graphene. The study would offer a new
version for the fabrication of graphene with the purpose of waste reclamation, and the obtained func-
tional 3D graphene can be tremendously used in environmental pollution treatment and other areas.
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1. Introduction

With the development of global medical technology
and the wide application of antibiotics, the harmful produc-
tions such as spent wastes and discharged wastewater have
been increased rapidly. Among them, pharmaceutical efflu-
ent, especially the antibiotic wastewater, which brought
serious harm to human body and ecological environment.
Antibiotics belong to a group of antimicrobial compounds
commonly used to treat diseases caused by microorganisms.
The antibiotic has been widely used around the world
because of its low cost and high efficiency in various

* Corresponding authors.

infectious disease treatments [1]. Tetracycline (TC), the sec-
ond most widely used antibiotics worldwide, has been used
extensively in the treatment of human and animal diseases;
while, over the past few decades, insufficient efforts have
been focused on the disposal of antibiotic-containing efflu-
ents. According to recent research and literature reports,
TC residues in the environment have caused a variety of
potential adverse effects such as chronic toxicity [2] and
dissemination into antibiotic-resistant genes [3]. Generally,
it is very difficult to remove TC from water because of its
variable state, low biodegradability and complex molecular
structure [4]. Although the study of antibiotics has never
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stopped, acute and chronic effects of antibiotics-containing
wastewater on the ecology and the potential threat have not
yet been fully understood [5]. Thus, it is of great importance
to develop robust, efficient and cost-effective technologies
for the removal of TC from wastewater.

Among various technologies employed to remove TCs
from wastewater, including adsorption, biodegradation, photo-
degradation, and oxidative degradation, adsorption is a
widely used effective technology, due to the advantages of
easy operation, low-cost, high efficiency and no residual
risk of highly toxic byproduct [6]. Carbon materials such as
active carbon and graphene present unique advantages in
adsorption due to their low cost, high adsorption capacity
and easy disposal [7,8]. In general, it has been found that
increasing the oxygen content of samples has detrimental
effects on adsorption [9]. A dispersive interaction (mainly
Van der Waals interaction) has been reported between the
free electron of TC and the delocalized electron in carbon
basal planes [10], which is valuable for the capture of organic
pollutants.

Adsorbent prepared from waste has attracted consid-
erable attention on account of the reuse in wastes [11-13].
Increasing number of researches have used different bio-
mass wastes to prepare biochar as adsorption materials in
the field of pollution control, demonstrating the advantages
of a wide range of sources, low cost, and renewable feature.
Moreover, the obtained biochar has a loose, porous structure
and contains carboxyl, hydroxyl and other reactive groups,
which can not only reduce the environmental burden but
also achieve the effect of “treating waste by waste” [14].
However, most of the endeavors concentrate on the prepa-
ration of biochar with biomass wastes, till now, few studies
focus on the transformation of waste into graphene.

In the past several years, a free-standing two-dimen-
sional monolayer graphene with excellent mechanical, elec-
trical, and thermal properties has caught global attention and
has been adopted for various applications [15]. Also, with
great specific surface area, graphene has been considered
as an excellent adsorbent [16]. With its delocalized 7t bonds,
graphene can potentially adsorb organic contaminants,
especially these with molecules containing mt-electrons that
can interact with a polarized graphene surface via mt-mt elec-
tron coupling or Van der Waals interactions [17,18]. Thus,
the graphene-based material as an adsorbent can effectively
remove organic substances and heavy metal ions present
in the wastewater. However, they are easily agglomerated
during use, resulting in a sharp decrease in specific sur-
face area and thus lowering the adsorption performance.
Moreover, another defect is that it is unfeasible to separate
spent graphene-type materials from wastewater after the
adsorption is completed. For application as an adsorbent,
compared with conventional carbon adsorbents, the three-
dimensional (3D) graphene is easily separable [19]. The defects
of difficult dispersion for graphene sheets and their poor
interfacial interactions with matrix retard its application.
Exfoliation of graphene could produce stable suspensions of
quasi two-dimensional carbon sheets, making this a critical
aspect for the large-scale synthesis of graphene sheets [20].
Much research has been focused on developing routes for
obtaining large sheets of monolayer graphene. This has been
recently achieved by chemical vapour deposition (CVD),

using polymer as carbon source could obtain graphene with
controllable thickness [21]. It is an effective way for biomass
reuse through the easy preparation of graphene.

In this study, 3D graphene is prepared using waste leaf
to remove antibiotic from water. The structure and morphol-
ogy of fabricated waste leaf graphene (WLG) were charac-
terized using a scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) measurement, the
specific surface area of this sample was characterized by the
Brunauer-Emmett-Teller (BET) method. Its electrochemi-
cal feature was assessed by an electrochemical workstation.
The adsorption performance of WLG toward TC was evalu-
ated by a series of batch experiments, then data of adsorption
kinetics and isotherm adsorption tests were analyzed. Lastly,
the potential application of WLG in groundwater treatment
was attempted. The resulting graphene possesses desirable
excellent adsorption properties for TC. We believe that the
easy preparation of graphene proposed by this research
would promote the reuse of biomass wastes in the field of
water treatment.

2. Materials and methods
2.1. Materials

All chemical reagents used in this study were all analyt-
ical grade. Tetracycline hydrochloride (purity > 95%) was
purchased from Macklin Biochemical Co. Ltd. (Shanghai,
China). Other chemicals were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China) and used in
the experiments without any further purification. All solu-
tions were prepared using deionized water.

2.2. Preparation of adsorbent

We collected the leaf waste from ground. The collected
waste leaves were washed with deionized water for three
times. Then they were dried in an oven at a temperature of
70°C for 2 h. After that, the treated waste ginkgo leaves were
carbonized in the presence of nickel catalyst in 800°C under
nitrogen atmosphere with constant flow of 45 mL/min.

2.3. Characterization

The structure and morphology of waste leaf graphene
(WLG) were characterized using a SEM. TEM measurement
was performed on a GZF2.0 (FEI Electron Optics, USA)
instrument at an accelerating voltage of 200 kV. The specific
surface area was characterized by the Brunauer-Emmett—
Teller (BET) method. The relative pressure (P/P,) ranged
between 0 and 1, and the pore size distribution plots were
derived from the adsorption branch of the isotherms based
on the Barrett-Joyner-Halenda (BJH) model. Electrochemical
measurements were performed at 298 K under atmospheric
pressure, using an electrochemical workstation (CHI 660C,
Chenhua Co. Ltd., Shanghai, China). A three-stand elec-
trode cell was employed with WLG conductive slide as the
working electrode, Ag/AgCl as the reference electrode, and
Pt wire as the auxiliary electrode. The working electrode
was prepared by ultrasonically mixing the WLG with the
Nafion solution and applying it to a conductive slide. Surface
functional groups on WLG were identified using a Fourier
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transform infrared spectrometer (FTIR, iS10, Thermo, USA)
equipped with an attenuated total reflectance accessory with
smart iTX optical base and AR diamond crystal plate. FTIR
spectra from 32 scans were recorded in the wavenumber
range 400—-4,000 cm™ with 2 cm™ resolution [22].

2.4. Sorption experiments
2.4.1. Sorption kinetics

Batch experiments were conducted to evaluate the per-
formance of waste leaf 3D graphene (WLG) for the adsorp-
tion of TC. After adsorption, the adsorbent was separated
from the solution using a 0.45 um membrane then the
concentrations of the TC were determined using a UV-Vis
spectrophotometer (Mapada, UV-6100) at a wavelength of
356 nm. Batch adsorption studies were carried out using the
following experimental procedure: 20 mg WLG was added
to a 20 mL of initial concentration 100 mg L~ TC solution,
then shaken at 150 rpm with a certain time at 298 K. Kinetic
experiments were conducted under designated reaction
times (0.08, 0.16, 0.25, 0.33, 0.5, 1, 2, 3, 5, 7, 9, 12, 20, 24 h).
Isotherm experiments were carried out at a series of TC ini-
tial concentrations (1, 5, 10, 50, 100, 200, 400, 600, 800 and
1,000 mg L), while keeping the WLG addition as 1 mg/L,
reaction time as 12 h, and the temperature at 298 K.

The effect of adsorbent dosage was studied by varying
the WLG addition from 0.1 to 0.5 g/L. The adsorption capac-
ity was calculated using the following equation:

C,—-C)xV
g = )

m

where C; and C, (mg L™) are initial and equilibrium con-
centrations of TC, respectively, g, (mg g™) is the adsorbed
amount of adsorbate per unit mass of the adsorbent at time
t, m (g) is the mass of adsorbent, and V (L) is the volume
of working solution.

To identify the time for reaching adsorption equilibrium
and in order to understand the characteristics of the adsorp-
tion process, the data are fitted with pseudo-first-order and
pseudo-second-order models. These two models can be
expressed as Egs. (2) and (3), respectively.

log (g, —q,)=logq, -kt 2
t 1 t

=t ©3)
a ka a,

where g, and q, (mg g') are the amounts of TC adsorbed
at time t and equilibrium state, respectively. k, (h™) and k,
(g mg'h™) are the rate constants of pseudo-first-order and
pseudo-second-order equations, respectively.

2.4.2. Adsorption isotherms

To understand the relationship between adsorbent and
adsorbate, the obtained adsorption data were fitted by the
Langmuir and Freundlich models, and they are depicted as
follows:

Langmuir isotherm equation:

— qmaXKLCE (4)
e (1+K,xC,)
The linear forms of Langmuir model is:
1 1 1 +L (5)

N —
A
where g, (mg g™) is the equilibrium adsorption capacity.
4. (Mg g7) is the maximum adsorption capacity. K, is the
Langmuir adsorption equilibrium constant and C, (mg L™) is
the equilibrium solution concentration.

To evaluate the feasibility of adsorption, an equilibrium
parameter R, can be calculated using Eq. (6).

= v (6)
1+K,C,

The value of R, indicates the type of the isotherm: R, =0,
adsorption is irreversible; 0 < R, < 1, adsorption is favorable;
R, =1, adsorption is linear, R, > 1, adsorption is unfavorable.

The Freundlich isotherm, based on adsorption in a
heterogeneous surface, is expressed in linear from as Eq. (7).

Ing, :anF+11nCE (7)
n

where K, (mg®" LV* g1y and n are Freundlich constants.
Values of n in Freundlich model can give an indication of
how favorable the adsorption process is. It has been reported
that values of 1 in the range of 1-10 represent favorable under
selected experimental conditions.

The Temkin isotherm contains a factor that explicitly
takes into account of the adsorbent-adsorbate interactions.
The linear form of the Temkin model is written as:

q,zﬂlnAT+ElnC, (8)
©uT br e

where B = RT/b,, b, is the Temkin constant related to the
heat of adsorption (] mol™), A, is the Temkin isotherm
equilibrium binding constant (L g™), R is the gas constant
(8.3145 ] mol™* K™) and T is the absolute temperature at 303 K.
From the plot of Q vs. InC, B and A, can be calculated from
the slope (B) and intercepts (BInA,), respectively.

2.4.3. Effect of solution pH

The effect of pH on TC adsorption (10 mg L) onto WLG
was examined at different pH values (pH 2-10), keeping the
reaction time for 24 h. The pH of the TC solution was adjusted
to a certain value using 1.0 M HCI and 1.0 M NaOH solution.

2.4.4. Groundwater adsorption experiment

20 mg WLG was added to a 20 mL solution of groundwa-
ter, then shaken at 150 rpm at 298 K. After the adsorption, the
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adsorbent was separated from the solution using a 0.45 pm
membrane then tested by an excitation—emission matrix (EEM)
fluorescence spectrophotometer (F-4500, Hitachi, Japan).
The metal ion concentration of the groundwater treated by
WLG before and after adsorption was tested by the induc-
tively coupled plasma (Thermo Fisher ICP-MS, Thermo
Fisher Scientific Co. Ltd.).

3. Results and discussion

Formation process of waste leaf to WLG was illustrated
by Fig. 1. Before and after CVD, the leaf turns from yellow
into black and remains the original shape. As indicated
by Fig. 1, the fabricated WLG has a 3D macroscopic struc-
ture, which would make the separation of adsorbent from
water easily. Also, it can be seen from the insert SEM image
that the leaf has a smooth surface, but the WLG has abun-
dant non-uniform pores of 10 um. The existence of abun-
dant pores in the WLG is benefit for the enhancement in
adsorption capacity.

Foam nickel
protection

waste leaf

Fig. 1. Photograph and SEM of the waste leaf and the WLG.

Herein, TEM was used to characterize the morphology
of the leaf carbon source and WLG. As shown by Fig. 2a, the
leaf has a notable network structure. After CVD treatment
(Fig. 2b), the WLG has a fiber-like surface accompanied by
the presence of sheet-like center. It could suggest that the
structure of the carbon source has great influence on the
obtained graphene. Thus, it can be inferred that the porous
leaf is beneficial to inhibit the agglomeration of graphene.

Fig. 3a shows the N, adsorption—-desorption isotherms of
WLG. The isotherm showed the presence of a hysteresis loop,
which is a characteristic feature of the type IV isotherms.
The adsorption isotherms indicated that the pores are mes-
oporous. The specific area of WLG is 205.69 m?/g, which is
larger than other antibiotic adsorbents such as graphene
hydrogel (119.17 m%g) [23], graphene/soy protein compos-
ite (30.07 m?/g) [24], magnetic graphene oxide/diethylenetri-
aminepentaacetic acid nanocomposite (176 m?/g) [25], and
3D urchin-like iron oxides (139.99 m?/g) [26]. As reported by
Fig. 3b, the presence of disorder sp*hybridized carbon sys-
tems leads to interesting and intriguing phenomena in the

800- C

Fig. 2. TEM images of the waste leaf (a) and the WLG (b).
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Fig. 3. (a) N, adsorption—desorption isotherms, (b) Raman spectra, (c) cyclic voltammetry curve of WLG, (d) Fourier transform
infrared spectroscopy (FTIR) spectra of WLG, and (e) XRD of WLG.

resonance Raman spectra: the Raman spectra of the disor-
dered graphene exhibit two new sharp features appearing
at 1,345 and 1,626 cm™, thereby attesting the appearance of
point defects. These two features have been called D and G
bands, usually used to denote the disorder of lamellar struc-
ture. The existence of sharp D and G peaks further confirm
the formation of graphene. The voltammetry curve of WLG
shown in Fig. 3c, indicates the excellently electrical proper-
ties which is corresponded to the unique two-dimensional
structure of graphene sheets [23,27]. The FTIR spectra were
analyzed to identify the characteristic functional groups of
the adsorbents. The 400—-4,000 cm™ infrared spectral regions

of the WLG were shown in Fig. 3d. Several obvious peaks
can be observed in the infrared spectra of WLG. As shown
in Fig. 3d, the functional groups, including the stretching
vibrations of -OH (3,400 cm™), -SO,H (1,750 cm™), the C-H
groups in aromatic rings (1,435 cm™) and C-O in phenol
(1,167 cm™), are clearly identified. The peak at 1,048 cm™ are
assigned to the C-O stretching [28-31]. XRD result is shown
in Fig. 3e. The diffraction peaks are due to the graphene sheet
space of 0.36 nm.

Influence of contact time on adsorption capacity is
shown in Fig. 4a. It can be seen that the adsorption capac-
ity increases sharply within 5 h, slowly increases thereafter,
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Fig. 4. Kinetic curves (a), kinetic analyses of pseudo-first order model (b), pseudo-second order model (c).

finally reaches equilibrium around 10 h. Based on these
results, the kinetic data are fitted by two models. The lin-
ear plots are shown in Figs. 4b and c. All calculated model
parameters are presented in Table 1. Among the two mod-
els, the pseudo-second-order plots show high correlation
coefficients (R?= 0.999). As to the pseudo-first-order, the R?
value is low and the calculated g, value is much lower than
that of the pseudo-second-order model; also, the g, obtained
by pseudo-second-order model is close to the determined
value. It is implied that the pseudo-second-order rate
model could fit better than the pseudo-first-order model

Table 1
Kinetics parameters of TC adsorption onto WLG

Pseudo-first-order Pseudo-second-order

to describe this adsorption process. This means that the
adsorption rate might be determined by chemical adsorp-
tion process through electron transfer, exchange or sharing
between adsorbent and adsorbate.

The isotherm data are fitted by Langmuir and Freundlich
models, and the results are shown in Fig. 5. All calculated
model parameters are reported in Table 2. For TC adsorp-
tion, the adsorption data are fitted well by the Langmuir
isotherm. This result suggests that adsorption of TC occurs
on homogenous surfaces and will form a covering mono-
layer at the surfaces of the WLG. The Langmuir constants
R, are all between one and zero, suggesting a favorable con-
dition for adsorption. Based on this result, it can be inferred
that maximum monolayer adsorption capacity of TC on
WLG attains up to 909.09 mg g, which is higher than most
of the adsorbents such as activated carbon, biochar and
graphene (shown in Table 3). The regression coefficients

g/mgg’  k/min? R? g/mg#? k,/min?  R? of the isotherm (>0.99) present a strong affinity between
3443 1.06 098 7758 0124 0.999 the tetracych.ne and WLG. In this st.udy, both Freundhch
and Langmuir model could exactly fit the sorption data of
Table 2
Isotherm parameters of TC adsorption onto WLG
Langmuir Freundlich Temkin
Oax /MG 8" K, R K, n R K R
909.09 0.001 0.999 102.497 1.090 0.998 0.1023 0.871
600
L@ (b) © :
104 ‘ 500 -|
400 <
[} o 8 gagg_
= 05 £ £
2004 .
64 100 4 / -
004 0 - [ /
0.0 05 10 0 2 i 5 1 2 3 4 5 5 7 8
1/Ce InCe Ce(mg/L)

Fig. 5. Adsorption isotherms: (a) Langmuir model, (b) Freundlich model, (c) Temkin model.
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Table 3

Comparison of different adsorbent for antibiotics
Adsorbent q,, (mg/g) Reference
Graphene-soy protein biocomposite 500 [23]
Graphite 400 [13]
Porous biochar 786.1 [34]
Core-shell activated carbon 95.4 [35]
Macroporous polystyrene resins 98.04 [36]
Modified bio-char 17.0 [37]
Activated carbon 475.48 [38]
WLG 909.09 This study

TC on WLG, which indicates the sorption of TC on WLG
might be affected by a multiple mechanism. During TC
adsorption onto WLG, both —nt and hydrogen bond inter-
actions will play an important role in the capture of this
antibiotic [32]. It is validated that electron donor-acceptor
interaction is one of the driving forces for the sorption of
organic chemicals with graphene [24], in this adsorption
process, the -OH groups on the graphene surface can
make the graphene acting as electron donors. Thus, signif-
icant enhanced sorption was expected by the formation of
a -1 bond between TC and WLG. Moreover, functional
groups such as -COOH and -NH, contained in tetracycline
and WLG will be advantageous to form a hydrogen bond
between them [18]. For the Temkin model, it is based on
electrostatic interaction between opposite electrical charges
for the chemical adsorption. The good coefficient with
Temkin model indicating the heat of adsorption of all the
four organic molecules in the layer would decrease linearly
with coverage due to adsorbent-adsorbate interaction and
the adsorption is driven by a uniform existence of binding
energies [33].

The initial pH is one of the most significant variables
influencing adsorption process. The effects of pH on TC
adsorption capacity by WLG are studied at pH values from
2 to 10. Fig. 6 shows that the adsorption capacity decreases
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Fig. 6. (a) Influence of pH on adsorption, (b) regeneration.
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with increasing pH. The reason is that with the pH increases,
deprotonation of carboxyl groups is enhanced. Thus, the
electrostatic repulsion force between TC and WLG becomes
remarkable and thus decreases the uptake of TC [39].
These results indicate that pH is a significant factor that
influences adsorption process of TC by WLG, and an acid
condition is suitable for the TC adsorption by WLG. Under
pH 6, the tetracycline removal rate is 76.3%. Regeneration
of the TC adsorption by WLG is shown in Fig. 6b, from
which can be seen that the materials still has well adsorption
capacity after five cycles.

The groundwater used for the experiment was taken
from a province in north of China. The water quality
indicators of groundwater are as follows: chemical oxy-
gen demand and total organic carbon (TOC) are 15 and
2.126 mg/L, respectively; the pH of this solution is 8.2.
The treatment efficiency of WLG on this groundwater is
shown in Fig. 7. As shown in Figs. 7a and b, after treatment
by WLG, the organic matter content is significantly reduced.
The TOC value of groundwater has dropped significantly
from 2.126 to 0.062 mg/L. Figs. 7c and d show the removal
rates of U, Fe, As, Pb, Ga, Co and Ge metal ions under dif-
ferent WLG dosages. It can be seen that the adsorption
capacities for all metal ions decrease gradually with the
increase of adsorbent dosage in solution, which is attributed
to the increase in weight of WLG. Herein, it should be men-
tioned that uranium is a toxic radioactivity element, and is
usually found in the environment in the hexavalent form.
From the viewpoint of full utilization of uranium resources
and environmental protection, highly effective enrichment
of uranium as well as its removal from aqueous solutions
is of extreme importance. Carbon materials are chosen for
this purpose because of their high radiation resistance [40].
After the adsorption by WLG, the concentration of ura-
nium reduced from 14.69 to 0.023 pg, with a removal rate of
99.84%. The excellent removal for uranium and other ions
by WLG is mainly dominated by the surface complexation
and cation exchange of UOZ* with oxygen-containing func-
tional groups of this adsorbent. It could be seen that, the
WLG has an excellent efficiency in removal of heavy metals

(b) 100
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Fig. 7. Groundwater treatment. (a) EEM of raw water, (b) EEM of raw water after adsorption by WLG, (c) metal ion U and Fe removal
rate under different adsorbent dosage, (d) metal ion As, Pb, Ga, Co, Ge removal rate under different adsorbent dosage.

and organic pollutants from groundwater. In view of the
low-cost preparation by leaf waste, we believe that WLG
has a potential application in the environmental cleanup.

4. Conclusions

This study aims at the reuse of waste leaf to prepare a
3D graphene adsorbent and to employ for the removal of
TC antibiotic from the aqueous solution. The fabricated
WLG material has a large specific area of 205.69 m?g, the
maximum adsorption by WLG is 909.09 mg/g. In addition,
WLG has a sufficient removal in organic pollutants and
heavy metals (particular for the uptake of uranium) from
groundwater. The preparation routine for graphene pro-
posed in this study is low-cost and nontoxic, resulting in
macroscopic shape and excellent adsorption performance of
the 3D graphene. Beside the reclamation of leaf waste, this
study can offer a new way for the treatment of wastewater.
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