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Graphical abstract

The main chemical components of Sakura leavesetitdase 16.6%, hemicellulose
10.4%, lignin 18.3%, ash 11.4%, and others 43.386. adsorption capacity of Cr(VI)
onto Sakura leaves can achieve 435.25 thgruch higher than other similar

agroforestry wastelx 1

Highlights

Sakura leaves were prepared to remove Cr(VI) frqoeaus solution.

The maximum adsorption capacity of Cr(VI) reach88.25 mg -

Cr(VI) adsorption fitted pseudo-second-order kinetiodel.

Isotherm models indicated Cr(VI) adsorption occdmme a monolayer surface.
The influence order of coexisting ions followed £ SQ?> CI.

Abstract

A forestall waste, Sakura leave, has been studiethé adsorption of Cr(VI) from
agueous solution. The materials before and afteoration were characterized by X-ray
photoelectron spectroscopy (XPS) and Fourier toansinfrared spectroscopy (FTIR).
To investigate the adsorption performance of Salaste, batch experiments were
conducted under different adsorbent dosage, cotmaef initial concentration of Cr(VI),
and co-existing ions. Results showed the datalffiseudo-second-order better than
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pseudo-first-order kinetic model. Equilibrium datas analyzed with Langmuir,
Freundlich and Redlich-Peterson isotherm modetisraperature ranges from:25C to
45:°C. The maximum adsorption capacity from the Langmmadel was 435.25mg g*

at pH 1.0. The presence of (3Q and PQ* would lead to an obvious negative effect
on Cr(VI) adsorption, and their influence ordeldols PQ*> SQ?> CI". The study
developed a new way to reutilize wastes and shangr@at potential for resource
recycling.

Keywords: Hexavalent chromium; Adsorption; Kinetic; Isother&electivity;
Mechanism

Introduction

With the development of society and economy, theinaously increasing of the
industrial pollutants in water, air and soil hasyad to be a serious environmental issue
in recent years. Especially the heavy metals sac®raPb, Cd, Hg etc. in wastewater
play a hazard role due to their toxicity and acclaton ability in living body [1].
Because of the corrosion resistance and aesthrepenies [2], chromium, one of the
most usual heavy metals, has been widely used my ®rRgineering industries such as
electroplating process, steel making, leather tapriextile dyeing, pigment
manufacture, wood preservatives and so on [3,4je@dly, chromium exists primarily

in two valence states, trivalent and hexavalenvrciium. The trivalent form is instable
and easily oxidized to high valence state in thie omnditions. However the two forms
are not really the same. The Cr(lll) in low concatibn is considered to be a necessary
micro-nutrient for human beings as an importantneliet in insulin metabolism [5,6]. The
toxicity of Cr(VI) is about 100 times greater, ahe high oxidation potential and the
ability to penetrate biological membranes leadttong carcinogenicity [7]. And Cr(V1)

is more mobile in water and often occurs in indak#ffluents as highly soluble
chromate (Cr@"), hydrochromate (HCr) or dichromate (GO;*") depending on the
solution pH [8]. To prevent the harmful impact amian beings, the World Health
Organization regulates a maximum contaminant ds (hty L for total Cr in drinking
water.

Nowadays, numbers of technologies have been intemtito deal with Cr(VI) in water,
such as adsorption, chemical precipitation, ionhaxge, nanofiltration and ecological
remediation [8—-11]. However, these methods alway® lsome unsatisfactory
characteristics like low adsorption ability, highst and difficult recycling. Among these
methods, adsorption is considered to be a moretaféeand simple method for the
Cr(VI) removal from the wastewaters.

Many forestall and agricultural wastes, such asds&ty sugarcane bagasse, wheat bran,
wheat straw, corn stoves etc., have proved tofieetefe adsorbents for the removal of
Cr(VI) from wastewater [12,13]. Due to the advaesgf low cost or no cost, great
availability, and easy operation, agroforestry wasire regarded as potential and
promising adsorbents in wastewater treatment @dkura, which belongs to Rosaceae
plants, is native to the northern temperate zdreeHimalayan region. It has been
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cultivated all over the world but most commonlydeapan. The wide range of Sakura
planting has brought a large amount of residuesyegrear. There have been no effective
remedies to deal with the fallen leaves so farviBtes studies reported some Rosaceae
plants as adsorbents. For instance, almond sHdltie maximum Cr(VI) adsorption
capacity of 22.26mg g" [15]. Apple pulps and plum pulps were also proiebe
available in Cr(VI) adsorption [1].

The present study aims to explore the potenti8ladfura leave used as an effective
adsorbent for Cr(VI) removal. The behavior of Ci\(®tlsorption onto Sakura leaves will
be studied through investigating the effects obdasnt dosage, contact time, initial
concentration, and coexisting ions. The adsorptechanism will be also discussed by
combining the data of characterization, kineticd eotherms.

Materials and methods
Materials and chemicals

The Sakura leaves, naturally shriveled and fellmlésvthe ground, were obtained in the
campus of the University of Tsukuba, Japan. Alldthemicals used in this study are
analytical grade. The Cr(VI) stock solution (1006 L") was prepared by dissolving
potassium dichromate ¢&r,0O-) in deionized water.mol L™ HCI and NaOH were
prepared to adjust solution pHs.

Preparation of adsorbent

The clay and impurities on the surface of the lsavere cleaned up with deionized
water after collection. The leaves were then dudh an oven at 6(°C and grinded to
powder which afterwards went through the griddlghvaiores of 105 micrometer in
diameter. Finally the fine particles were keptmadrtight bottle for further use. The
main chemical components of Sakura leaves arelasdi6.6%, hemicellulose 10.4%,
lignin 18.3%, ash 11.4%, and others 43.3%.

Characterization

Several methods have been used to characterireithestructure and chemical
components of the adsorbent. The FTIR techniqudR-300E, Jasco, Japan) was used
to study the functional groups which are respoedibt Cr(V1) uptake on the surface of
the particles. FTIR was recorded at a frequencypnegf 4000—40§§2;@§cm‘1 using KBr

pellet at a resolution of 4 ¢ih The XPS (PHI-1600, ESCA, USA) was conducted to
analyze the elemental composition of the Sakuragies and the oxidation state of Cr
adsorbed.

Batch experiments of Cr(VI) adsorption
All batch experiments were carried out in L polyethylene glass test tubes in static

state. Several experimental parameters which nfleirce the absorption efficiency
were studied, including adsorbent dosage (1§§§§§§g]JDl), contact time (0 ~ 4&h), initial
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concentration of Cr(VI) (0 ~ 5@@ng L"), temperature (2& ~ 45C), and coexisting
ions (CI, SQ%, PQ™). In our previous study, it was found that theimpim adsorption
condition occurred at pH 1.0 [16]. Thus, the inip&l of the adsorbate solutions was
adjusted to 1.0 and the pH was measured with a eténmAfter finishing each
experiment, the suspensions went through the Qud&filter membrane to separate the
adsorbent from solution. The concentration of Cy(Wlsolution was analyzed by 1,5-
diphenylcarbazide colorimetric method with a UV-sjgectrophotometer at 540m
wavelength. The concentration of Cr(lll) was detieed from the difference of the
concentration between the total and hexavalenteium. All the experiments were
carried out three times and average values weenta& the calculating data. The
adsorption capacity (q) of Cr(VI) was defined as thass of substrate bound on a gram
of adsorbent. The adsorption capacity (q) and ranpsrcentage (R %) of Cr(VI) are
calculated by the following equation:

(CO - Ce) XV

(D)a= W

(2)R (%)= % x 10C

where G (mg L) represents the initial concentration and th¢n@/L) is the final
adsorption equilibrium concentration. W is the mafsadsorbent used (g), and V is the
volume of solution (L).

Results and discussion
Effect of the amount of the adsorbent

Adsorbent dosage is considered to be a signifigargmeter in the removal of Cr(VI) in
agueous solution, since it could change the adetdmsorbate equilibrium of the system
[17]. To determine the appropriate adsorption coomali the experiment was carried out
with the Cr(VI) concentration of 3¢ng L at optimal pH 1.0 in 24hours. The
adsorption capacity and the removal efficiencyildustrated in Fig. 1 Fig. 1 It shows
that with the increase of the adsorbent dosagegtheval efficiency increases
continuously because of the more availability ofdang sites for the heavy metal [16].
When the adsorbent dosage takeg 1!, the efficiency can almost reach 100%.
However, the adsorption capacity decreases regutm the competition among the
large number of the adsorbing surface of the a@sdifd8]. Thus choosing a rational
adsorbent concentration in the sewage treatmehtardomprehensive consideration is
necessary. In this study, the adsorbent dosagsetested as 2y L™ for further
experiments.

Effect of contact time and adsorption kinetics

The contact time between the adsorbate and thelsidas also an important parameter
which is worthy of consideration in the wastewateatment. To investigate the effect of
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contact time on Cr(VI) and total Cr, the experimeas conducted with the initial Cr(VI)
concentration of 366mg L' and the initial pH of 1.0 without shaking. FigFRy. 2
shows the removal efficiency of Cr(VI) and total €xanged with the increasing time.
The removal efficiency of Cr(VI) improved rapidlyitwin the first two hours, and
approximately 80% Cr(VI) was removed. In the ne&iHours, the adsorption was still
going on with a much slower speed and at lastutccoeach the removal efficiency of
92.8%. The difference in the removal efficiencyvien Cr(VI) and total Cr stated that
about 60% of Cr(VI) was transformed to Cr(lll) imetexperiment.

To test the adsorption kinetics in this experimémg, Lagergren-first-order kinetic [19]
and pseudo-second-order kinetic [20,21] were expes forms:

(3)Lagergren-first-orderg, = qe( -le‘klt)

__ka’e

(4) Pseudo-second-ordey = ————
1+k,ge

where g and g (mg g*) are the amounts of removed Cr(V1) at equilibriand at time t,

respectively. kand k are the adsorption rate constants of pseudodidss and second-

order models.

Kinetic parameters were calculated and shown ineTaf able 1. Fig. 3 Fig. 3 showed
this adsorption process was fitted the Pseudo-skecader kinetics better with a higher
correlation (R:=:0.9978) and lower degree of differengéi{=4.2277). It indicated
that the rate-controlling step was chemical adsamgh the process. Similarly several
researchers had tested pseudo-second-order kinetiel on different adsorbing
materials which also got favorable match [22—-26].

Effect of the initial concentration of Cr(VI) andsorption isotherms

The experiment was taken at:3% and 45:°C in the comparison with the previous
result at 25:°C [16]. The amount of adsorbed Cr(VI) related with initial
concentration and temperature was evaluated usieg tommon models including the
Langmuir, Freundlich and Redlich-Peterson adsanpggotherm [16].

Table 2 Table 2 showed the related parameterstencoirrelation efficient & The value

of the parameters was calculated from a non-lip&sr It was observed that there was an
increase in the uptake of Cr(VI) with the increaé&emperature which might result from
an increasing thermal energy of the adsorbing spe@ihe Redlich-Peterson isotherm
with three parameters showed better fitting todineves than the two-parameters
isotherms. It was mainly because the Redlich-Patesotherm combined all the
influence factors from both the Langmuir and Frdighdsotherm leading to its wide
application in both homogeneous and heterogengatsss. Compared the two most
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common models used, the Langmuir isotherm gavetarbelativity. It indicated
chromium ions might be adsorbed in the formatiomoholayer coverage on the surface
of the adsorbents [27].

Selective evaluation

Generally, industrial water is a complicated systenere the appearance of Cr(VI)
always accompanies lots of co-existing ions witfhhibnic strength [28]. As these may
affect the adsorption process and influence thécgtipn of adsorption materials in the
wastewater treatment to some extent, the selestiv®ught to be an important factor for
the adsorbents. The negative effects may produtveanvays: competing in adsorption
or acting as counter ions. The adsorption affirstsepresented in term of the distribution
coefficient, K; (mL g*), which can be written as [28]:

(c-c,) Vv

X —

w

(MK, =

e

Where G and G are the initial and equilibrium concentration of\d) in the solution, V
is the volume of solution (mL) and W is the masaddorbent (g). A higherg¢means a
stronger chemical binding affinity.

The Cr(VI) adsorption with the presence of GIQ:*” and PQ*” which have different
elementary composition and chemical valence westedewith initial Cr(V1)
concentration of 59mg L* and 306:mg L™* while the concentration of co-existing ions
were set from 18 mol L to 10" mol L. The Ky values of Cr(VI) in the presence of the
three ions were shown in Fig. 4 Fig. 4. Fig. 4anshthat when the initial concentration
is 50:img L™ and the coexisting ions aredfol L?, the K; value reaches over

110" under a non-coexisting ions systems and it deesdasgely to 1.6x::10",
10, 1.2:x:10" in the presence of CISQ” and PQ®, respectively.

When the initial concentration became 36 L%, the variation trend was similar but its
amplitude became smaller. Fig. 4b showed a comsistsult with a higher amount of
coexisting anions of Ibmol L. This indicated that the Cr(VI) can be affectedty
coexisting ions, especially in a low initial cont@tion. Compared with Fig. 4a, it is
clear that the Kvalue decreased in the presence of larger amofifis, SO and

PO,>". The observation suggested that the higher i@mgths lead to a larger negative
effect on Cr(VI) adsorption.

As shown in Fig. 4, the effect is not only decidgthe concentration of initial Cr(VI)
and coexisting ions, but also influenced by thentkal valence of anions. The effect
follows the order: Pg~ > SQ* > CI" which supports the idea that the higher charge
density contributes to a stronger competing fooreatisorption sites against Cr(VI) ions.
Similar observation was obtained by Duranoglul §9). Besides, the ionic radius of
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PO, SO and CT are 2.38A, 2.30/A, and 1.8%A, respectively [30]. It can be
speculated that their close order to HErfllows PQ*™> SQ? > CI". The similar
molecular dimensions and hydration energy couldpmimadsorption sites more
intensely against Cr(VI) anions, which might be theo possible reason for the influence
order.

Adsorption mechanism

The FTIR technology was proved to be a useful toaletermine the functional groups
which were responsible for Cr(VI) adsorption on seface of the adsorbent. The
infrared spectra of Sakura before and after Cr@dgorption were shown in Fig. 5 Fig. 5
It can be seen that the absorbance band at 173%4@%icm™ was the O-H stretching
vibration, indicating that some hydroxyl groups &é&rmed on the surface of Sakura
[31]. The peaks at about 1067, 1629 and 2@28" are usually assigned to -CO, -

<:=#N and —CH groups, respectively. The absorptiormaira 1312cm means the
presence of —Ci—group [32]. For the spectrum after the adsorptubﬁ‘,r(VI) the new
peak at 78::1xcm might be due to the interaction between the adsdrand Cr(VI).

XPS was utilized to further explain the mechanidrthe Cr(VI) adsorption onto Sakura.
This technology could not only provide element gsial of carbon, oxygen, chromium
and other elements, but also provide valuable médion about the change of chemical
valence state by examining the shift in bindingrgneince the binding energy will
increase when more electron density gets away thenelectron shell [33]. Therefore,
the change process of Cr states and main functgyoalps from unsaturated to saturated
adsorption could be well analyzed by XPS.

To define the different situation of unsaturated aaturated adsorption, different
adsorbent dosages were selected based on ourysexperimental results in Section
3.1. For saturated adsorptioni®2L™" adsorbent dosage was used and the removal
efficiency of Cr (VI) was 92.8% under the conditiohinitial concentration 30{mg Lt
and pH 1 at 2%&. For unsaturated adsorptioniﬁiégl'l adsorbent dosage was added and
the removal efficiency of Cr (VI) was 100%. Thesey spectra were shown in Figs. 6
and 7 Figs. 6 and 7. Fig. 7a showed the region staatural Sakura surface before
exposed to the aqueous solution. Fig. 7b and dayisg the changed surfaces of
unsaturated and saturated adsorption of Cr(VIsi#svn in Fig. 6, it was obvious that
carbon and oxygen were predominant elements onr&akuface. The @s spectrum
was resolved into three individual peaks: C-C gr(2g%#.53eV-284.68eV), C-O group
(284.81eV-285.46eV) and G = C-O group (286.68eV-287.82V) [34]. From the

three spectra in Fig. 7al, bl and c1, the C-C gshioved a notable decrease together
with an increase in the C-O group after Cr(VI) agson. It indicated that the C-O group
was created on the surface by the powerful oxidatfoCr(VI1) with a parallel chemical
redox reaction taken place to the C-C group. Frasaturated to saturated adsorption,
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“C-O group increased, revealing the further oxideficocess of carbon element on
Sakura surface.

Detailed XPS survey of the regions for Cr 2p wasashin Fig. 7 a2, b2, and c2. Cr
element was detected which indicated the succeadfdrption of chromium on the
Sakura surface. As shown in Fig. 7, the adsorbeshtium predominantly existed in
trivalent form, and only a small amount was presanCr (VI). From unsaturated to
saturated adsorption, the ratio of Cr(VI) decredsauh 33.9% to 19.2%, and the ratio of
Cr(lll) increased from 66.1% to 80.8%.

On the basis of the above analysis, the adsorptechanism was speculated to have
three steps. Firstly, Cr(VI) anions are boundeth&oactivated groups on the surface of
the adsorbent. Secondly, most Cr(VI) anions araaged to Cr(lll) by the redox reaction
with the oxidation of C groups. Finally, some oé tieduced Cr(lll) are released to the
agueous and the rest adsorbed anions are involvamhplexation reaction with
functional groups [35].

Comparison with other similar materials

The similar adsorbents used for the adsorptionr@fLare summarized in Table 3
Table 3. Comparing to other wastes, Sakura ledvesexd a much higher adsorption
capacity of 435.25mg g* for Cr(V1) removal from aqueous solution. Althoutjte
optimal pH 1.0 is highly acidic, it can be exadlyitable to treat Cr(VI) from some
industrial effluents such as electroplating wastewgH 1.0-2.0) [36], which indicating
its promising application in practice.

Conclusion

In this work, the natural Sakura leave was apgiecemove Cr(VI) from aqueous
solution and it showed an effective performancéwigh adsorption capacity of

435.25 mg g*. The adsorption ability depended on adsorbentgigsantact time,

initial Cr(VI1) concentration and coexisting ionshd Cr(VI) adsorption onto Sakura leave
was best explained by the pseudo-second-order&imetdel. Adsorption isotherm
models indicated the process was occurred on a layercsurface. XPS analysis
confirmed that Cr(VI) adsorption was accompaniedhgyredox reaction. The findings in
present study proved that Sakura was a cost-eféeand efficient adsorbent for Cr(VI)
removal.
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Fig. 1 The effect of adsorbent dosage on the uptake(VI1).
Fig. 2 Effect of contact time on Cr(VI) and total &lsorption.

Fig. 3 Adsorption kinetics of Cr(VI) adsorption.

mol L-1 (a) and 10-1mol L-1 (b)).
Fig. 5 FTIR spectra of Sakura before (a) and gfieadsorption.

Fig. 6 XPS wide scans of the Sakura before adsorjé); unsaturated (b) and saturated
(c) adsorption of in agqueous solution.

Fig. 7 Detailed XPS survey of the region for C td &r 2p.

Table 1 Kinetic parameters for Cr(VI) adsorption.

Models Parameters related Fitting of date
Symbol Estimated value R2

Lagergren-first-order k1 0.0308 0.9805
qge 125.51

Pseudo-second-order k2 0.0004 0.9978
qe 131.74

Table 2 The Langmuir, Freundlich and Redlich-Peteisonstants for Cr(VI) adsorption.
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Temp. (0C) Langmuir Freundlich Redlich-Peterso

QL KL R2 Kf n R2 a b
25 148.12 0.0038 0.9918 2.6880 1.7097 0.9638 0.4112 3.000(
x10-5
35 362.87 0.0010 0.9796 1.0925 1.3115 0.9889 0.4779 0.004:
45 435.25 0.0012 0.9992 1.3960 1.2987 0.9977 0.5808 0.006:

Table 3 Comparison with other similar adsorbent<igVI) removal.

Absorbents pH Initial C. (mg L- Dosage (g L-1) Temperature (0C)
optima 1)

Modified Soybean hulls [14] 3 1820 10 25

T. indica seed [37] 4 50 0.5 50

Cereal by-products[38] 6.0 132 2 20

Caryota urens inflorescence 2.0 100 1 30

[39]

Modified walnut shells [40] 1.0 1 0.2 25

London leaves [41] 3.0 315 2 40

Sakura leaves 1.0 500 2 45
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