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ABSTRACT

A new adsorbent modified from walnut shell (MWNS) was prepared by grafting aspartic acid onto
walnut shell (WNS). Two samples (MWNS1, MWNS2) were characterized through SEM, elemental
analysis, XPS, point of zero charge analysis and N,-BET analysis. The adsorption behaviors of Ni(II)
onto WNS, MWNS1 and MWNS2 were studied. The results showed that the adsorption kinetics
of Ni(II) onto MWNS1 and MWNS?2 followed the pseudo-second-order model, while the ones onto
WNS followed the pseudo-first-order model. The adsorption mechanism was investigated using the
intraparticle diffusion model. The equilibrium data of Ni(II) adsorption onto MWNS2 were analyzed
using the Langmuir, Freundlich and Dubinin—Redushkevich (D-R) models. Meanwhile, the mean
feature concentration (C") correlated with temperature was determined. The values of the mean free
energy (E) obtained from the D-R model indicated the adsorption process was conducted by mono-
layer chemisorption for C <C_ and followed by physical adsorption for C >C . The thermodynamic
parameters (AG, AH and AS) showed that the Ni(II) adsorption onto MWNS2 was spontaneous, endo-

thermic and entropy driven. Recycling property of MWNS2 was studied.
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1. Introduction

The water pollution by the presence of metal ion is a
widespread environmental problem for developing coun-
tries. The release of nickel (Ni) into aquatic ecosystems
roots from various industries processes such as nickel-cad-
mium batteries, catalyst, electroplating, coinage, steel man-
ufacturing, plastics manufacturing, porcelain enameling,
fertilizers, pigment industries, mining and metallurgical
industries [1,2]. The acceptable tolerance of nickel concen-
tration is below 0.01 mg-L™' and 2.0 mg-L™" in drinking water
and industrial effluent, respectively [3]. The Ni(II) concen-
tration beyond permissible levels is seriously hazardous to
human beings because of the intrinsic carcinogenic nature
(lung cancer and nose cancer) [4], and will cause neuro-
logical disorder, skin dermatitis, kidney disease, etc [5,6].
Therefore, several physical and chemical methodologies
have to be employed for Ni(ll) removal, which includes
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chemical precipitation, electrolysis, reduction, biosorption,
adsorption, ion exchange and membrane filtration [1,7,8].
However, most of these techniques have their own disad-
vantages such as partial efficiency, secondary pollution,
high operational cost and sensitive operating conditions [9].
On the other hand, adsorption is recognized as a low-cost,
effective and flexible method and could be used to remove
metal ions from contaminated waters at low concentrations.

Nowadays, more and more researches focus on the
application of low-cost and easily available adsorbents,
especially the biomass which comes from waste agricul-
tural materials such as rice bran [2], walnut, hazelnut and
almond shell [10], wheat residue [11], mango kernel [12], tea
leaves [13], sugarcane bagasse [14], and coffee husks [15].
The major compositions of agricultural by-products are lig-
nin and cellulose which include various functional groups
such as hydroxyl or phenolic group, aldehydes, ketones
and ether linkages [2]. These groups have strong affinities
to bind metal ions by electron pair to form complexes. In
China, the agricultural waste walnut shell (WNS) is an
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abundance biomaterial, which has the above characteris-
tics and can be an alternative adsorbent material. However,
raw WNS has low removal capacity for metal ions, and its
adsorption efficiency could enhance by grafting functional
groups such as carboxyl, hydroxyl and amine [16,17]. The
ideal situation is to introduce more than one kind of func-
tional groups at the same time. Therefore, amino acid such
as aspartic acid that has both carboxyl and amine groups
is a good choice. Amalraj et al. [18] have prepared a new
aspartic acid doped polypyrrolevia polymerization of pyr-
role with aspartic acid, which showed large adsorption
capacity of Cr(VI) as 3.4 mmol/g. Hence, it is possible to
modify WNS with aspartic acid to obtain a new adsorbent
material with high adsorption capacity.

In this work, two samples (MWNS1 and MWNS2) of
new adsorbent were prepared by modified WNS with
aspartic acid, and characterized by SEM, elemental analy-
sis, XPS, point of zero charge analysis and N -BET analysis.
Batch adsorption tests were conducted to investigated the
adsorption capacity of Ni(Il). Various effects of operation
parameters such as adsorbent dosage, pH and temperature
on the adsorption capacity were discussed. Kinetic models
were used to establish the adsorption kinetic rates. Different
isotherm models were tested against the experimental data.
The adsorption mechanism of MWNS2 was investigated.
Besides, the adsorption thermodynamics was discussed.

2. Experimental
2.1. Reagents and Instruments

Aspartic acid was purchased from Shanghai Yuanju Bio-
technology Co., Ltd. Nickel(II) chloride hexahydrate were
obtained from Shanghai Macklin Biochemical Co., Ltd.
NaOH and ethylene diamine terta acetic acid disodium salt
(EDTA) were purchased from Shanghai Lingfeng Chemi-
cal Reagent Co. Ltd. HCI (35%) and NH,-H,O (36%) were
obtained from Shanghai Titan Scientific Co., Ltd. Murexide
was supplied by Tianjin Fuchen Chemical Reagent Co. Ltd.
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Fig. 1. Synthesis route used to prepare MWNS1 and MWNS2.

The chemicals involved were of AR grade. Scanning electron
microscope (SEM) was recorded using the Hitachi TM3030
microscope to characterize the WNS before and after mod-
ification with aspartic acid. The contents of C, H and N
in the samples were measured via a VarioELIII elemental
analyzer (ElementarAnalysensysteme GmbH). X-ray pho-
toelectron spectroscopy (XPS) analysis was conducted on
an ESCALAB 250Xi photoelectron spectrometer (Thermo
Fisher Scientific). The pHs at the point of zero charge (pHch)
of WNS and MWNS2 were measured in 0.1 mol/L NaCl
solution under pH ranging from 2.0 to 12.0, which was
adjusted using 0.1 mol/L HCl or 0.1 mol/L NaOH solution
on a digital pH meter. The pH, (initial pH) values and the
final pH (pH,) were accurately noted. The pH,,,. was deter-
mined from the point of intersection of the plot of the ApH
vs. pH and the x-axis. The Brunauer-Emmett-Teller (BET)
were used to measure the surface area by the BET method
from N, adsorption at 77 K using a high-vacuum volumet-
ric apparatus (mMK-TriStar 3000).

2.2. Modified WNS preparation

WNS, obtained from marketsin Shanghai (China), was
smashed and sieved to collect the powders with diameter
of 75-150 pm. The powder was washed with distilled water
and dried at 80°C until complete dryness. Modified reaction
of WNS was carried out as follows: first, the powder of dried
WNS (16 g), aspartic acid (29.9 g) and 1.5 mol/L hydrochlo-
ric acid solution (150 mL) were mixed with agitation at 90°C
for 4 h. Hereafter, the powder was filtered and washed until
the eluant was neutral. Afterwards, the washed powders
were dried to get the modified WNS named as MWNSI.
Then, the MWNSI (8 g) was dispersed in 200 mL sodium
hydroxide solution (1 mol/L) for over 24 h. After that, the
powder was filtered, washed with deionized water until the
eluant was neutral and dried to obtain the modified WNS
marked as MWNS2.

The synthesis route used to prepared MWNS1 and
MWNS?2 is presented in Fig. 1.
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2.3. Adsorption experiments

Batch adsorption tests were carried out by mixing a
fixed amount of adsorbent with 100 mL nickel ion solution
of known concentrations (5.0 mmol/L)in 250 mL stoppered
conical flasks, which were put in a thermostated water bath
at the set temperature with vigorous shaking until equilib-
rium achieved. Supernatant solution (2.0 mL) were removed
and the Ni(II) concentration was analyzed by EDTA titra-
tion. All the tests were performed in duplicate and the mean
values were reported with the standard deviations <2%.

The adsorption equilibrium tests were conducted by
varying the adsorbent dosage (800-2400 mg/L), pH of ini-
tial nickel ion solution (2.0-7.0), different initial nickel ion
concentration (0.5-7.0 mmol/L) and temperature (298-318
K). The pH of nickel ion solution was attuned via addition
of 0.1 mol/L HCI or NaOH.

The removal efficiency R (%) and equilibrium adsorp-
tion capacity q, (mg/g) were calculated as follows:

Ry = C=C L 100 (1)
CO
g, = (Co - Ce)V (2)
w

where C and C (mg/L) represent the initial and equilibrium
concentrations of nickel ion, respectively. V (L) and w (g) are
the solution volume and the adsorbent mass, respectively.

The adsorption kinetics experiments were conducted at
298-318 K to determine the equilibrium time from 15 to 600
min. At selected time intervals (15, 30, 45, 60, 90, 120, 180,
240...600 min), 2 mL of sample solution was removed and
analysed. The adsorption capacity at time ¢, g, (mg/g), was
calculated as:

C,-C)V
g =GB ®)

w

where C,(mg/L) is the nickel ion concentration at time ¢.

2.4. Desorption and regeneration

The recycling property of adsorbent was performed
with 1 mol/L NH,-H,O. After adsorption, Ni(ll)-loaded
adsorbent was filtered, washed with distilled water and
then dispersed in 100 mL NH,-H,O solution. The reused
adsorbent was filtered, washed, dried and applied for the
next cycle. The adsorption-desorption experiments were
executed for four cycles. The regeneration efficiency (W)
for each cycle could be obtained as follows:

W.(%) =12 x 100 @)
0

where q_and g, (mg/g) represent the adsorption capacities
for the nth and first cycle, respectively.

3. Results and discussions
3.1. Characterization of WNS, MWNS1 and MWNS2

The SEM images (Fig. 2) demonstrate that the surface
morphologies of the MWNS1 and MWNS2 are different

30 um

30 pm

Fig. 2. SEM images of (a) WNS, (b) MWNS1 and (c) MWNS2.

from that of WNS. MWNS1 and MWNS2 have more loose
porous surface than WNS, indicating MWNS1 and MWNS2
are more favorable for adsorption.

Elemental analysis data of WNS, MWNS1 and MWNS2
presented in Table S1 (available in Supporting Information)
show that the proportion of N of MWNS1 and MWNS2
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increases compared with WNS, which indicate -NH,*/
—-NH, is successfully grafted to the surface of WNS.

The XPS spectra (WNS and MWNS1) are presented in
Fig. 3, and detail analysis of C 1s peak are shown in Table
S2. From Fig. 3 and Table S2, the C 1s and N 1s spectra
change significantly, and the area ratio for COOH/COOR
increase from 2.1% to 8.9%. These results indicate that -NH,
and -COQOH, that is aspartic acid, are successfully grafted to
the surface of WNS.

The pH , and parameters from BET analysis are listed
in Table S3. From Table S3, the pH__ of WNS and MWNS2
does not change much. But the values of surface area, total
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Fig. 3. XPS spectra of (a) WNS (C 1s), (b) MWNS1 (C 1s), (c) N 1s.

pore volume and average pore diameter for MWNS2 are all
larger than those for WNS, indicating the MWNS2 is more
advantageous for adsorption.

3.2. Performance of Nickel ion removal

The relationship between R(%) and t for these three
adsorbents (WNS, MWNS1 and MWNS2) is presented in
Fig. 4. From Fig. 4, the removal efficiency of WNS for Ni(II)
increases gradually until the equilibrium achieved, while
the ones of both MWNS1 and MWNS2 increase quickly
in the initial stage (60 min), and then the degree of rise
clearly decrease until the processes reach to equilibrium.
The time to be equilibrium for MWNS1 and MWNS2 (~300
min) is shorter than that for WNS (~360 min). Meanwhile,
the removal efficiency of these three adsorbents for Ni(II)
ranks in the order of MWNS?2 (56.66%) > MWNSI1 (43.39%)
> WNS (23.22%), which can be explained as follows: as seen
in Fig. 1, there are two grafting groups on the surface of
MWNSI1 (-NH,* and -COOH ) and MWNS2 (-NH, and
—-COQO), respectively. The presence of -COOH, -COO~ and
-NH, could increase the adsorption active sites, and causes
higher removal efficiency of Ni(II) than that of WNS. While
there is electrostatic repulsion between —-NH," and Ni*,
which causes a lower removal efficiency of MWNSI than
that of MWNS2.

3.3. Effect of adsorbent dosage on Ni(1I) adsorption

The effect of adsorbent dosage on Ni(ll) adsorption
onto MWNS2 is shown in Fig. 5. The results indicates that
the removal efficiency of Ni(Il) increases from 28.33% to
56.66%, whereas the adsorption capacity for Ni(Il) is almost
a constant as the adsorbent dosage increases from 800 mg/L
to 1600 mg/L; after the critical dosage (1600 mg/L), further
increase of the dosage has no obvious influence on removal
efficiency of Ni(II), but the adsorption capacity decreases.
The decrease in Ni(Il) uptake at higher adsorbent dosage
(>1600 mg/L) may be owing to competition of Ni(I) for

i — 8 — 8@
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—e— MWNS1
—a— MWNS2
0 T T T T T T T T T
0 120 240 360 480 600

t (min)

Fig. 4. Nickel ion removal performances of WNS, MWNS1 and
MWNS2. (initial nickel ion concentration: 5.0 mmol-L}; volume
of solution: 100 mL; amount of adsorbent: 160 mg; pH: 6.0; tem-
perature: 298 K).
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Fig. 5. Effect of adsorbent dose on nickel ion adsorption onto
MWNS2. (initial nickel ion concentration: 5.0 mmol-L; volume
of solution: 100 mL; amount of MWNS2: 80-240 mg; pH: 6.0;
temperature: 298 K).

‘Weak interaction of metal ions
with adsorbent surface

the adsorption sites available [19]. Therefore, 1600 mg/L of
adsorbent was selected for later adsorption experiments

3.4. Effect of pH on Ni(1I) adsorption

The pH is an crucial factor, which can affect the adsorp-
tion of metal ions onto the solid-liquid interface strongly.
The effect of pH on the nickel ion removal was studied
using 160 mg MWNS2 and Ni(II) solution at 298 K in the
pH range 2.0-7.0. Because at pH > 7.52, insoluble nickel
hydroxide starts to precipitate from 5.0 mmol/L Ni(II) solu-
tion. The results are shown in Fig. 6. As described in Fig. 6,
the adsorption capacity increases as the pH of solution
increases from 2.0 to 6.0, and then remains constant up to
7.0. At very low pH (pH = 2.0), because -NH, will change
into -NH,*, which means MWNS?2 at pH 2.0 will turn into
MWNS1 whose adsorption capacity is low. When the pH of
solution increase from 2.0 to 6.0, the percentage of -NH,*
converted to —-NH, increases monotonically, which means
more and more functional groups (-NH,) become avail-

Strong interaction of metal hydroxides
form with adsorbent surface
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Fig. 6. Effect of pH on nickel ion adsorption onto MWNS2. (initial nickel ion concentration: 5.0 mmol-L; volume of solution: 100 mL;

amount of MWNS2: 160 mg; pH: 2.0-7.0; temperature: 298 K).
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able to increase the degree of complexation between -NH,
and Ni(Il) and leads to the increase of adsorption capac-
ity. When the pH increases from 6.0 to 7.0, the adsorption
capacity remains a constant, which because a small num-
ber of Ni(OH), may generate and decrease the interaction
between Ni and MWNS2. This could explain the highest
adsorption efficiency of MWNS2 at pH 6.0.

3.5. Kinetics

The pseudo-first-order [20], pseudo-second-order [21]
and Elovich models [22] are applied to fit the experiment
data. The kinetics of Ni(Il) adsorption onto adsorbents
(WNS, MWNS1 and MWNS2) at 298 K are presented in
Fig. S1 (available in Supporting Information).

The pseudo-first-order model is the first rate equation
for adsorption in liquid-solid system based on the sorption
capacity of solid. The pseudo-second-order model could
predict the rate determining step of adsorption process and
the bonds nature between the adsorbent and metal ions.
The pseudo-first-order and pseudo-second-order models
are expressed as follows

In(q, —g,)=1Ing, -kt (5)
t 1 t
+_ + = (6)
0 ka’ q

where k, (min™) and k, (gmg” min™) represent the pseu-
do-first-order and pseudo-second-order rate constants,
respectively.

The Elovich model was first applied to the chemisorp-
tion kinetics of gases on solids [23], but it has been used to
describe the adsorption of solutes from a liquid solution in
recent years. The Elovich model is written as

q,= %ln((xB) + %Int (7)

where o (mgg'min™) and B (gmg™) are the initial adsorp-
tion rate and the desorption constant, respectively.

The estimated parameter values of the kinetics models
and the correlation coefficient (R?) are listed in Table 1. From

Table 1
Kinetic parameters for nickel ion adsorption

Table 1, the R? value of the pseudo-first-order for WNS is
closer to 1.0. Yet, the R* values of the pseudo-second-or-
der for MWNS1 and MWNS2 (R?*> 0.999) are larger than
those of the pseudo-first-order model (R* < 0.91), which
reveals that the kinetics of Ni(II) adsorption onto MWNS1
and MWNS2 are represented well with the pseudo-sec-
ond-order model, and also suggests that the uptake process
of Ni(Il) by MWNS1 and MWNS?2 is the rate-controlling
step. Moreover, the R? value of the Elovich model for WNS
is rather low (R?= 0.9219), which shows that the Elovich
model may not be appropriate to depict the kinetics of
Ni(II) adsorption onto WNS. While the Elovich model also
fits the kinetic data of Ni(II) adsorption onto MWNS1 and
MWNS2 well (R?> 0.97), indicating the adsorption process
is probably related to chemisorption which involves for-
mation of chemical bonds between the metal ions and the
function groups on the surface of adsorbents by exchange
or share of valence electrons [24]. Further discussion will be
conducted in the adsorption isotherms section.

3.6. Effect of temperature on Ni(Il) adsorption of MWNS2

The nickel ion removal performances of MWNS2 were
investigated in temperature range of 298 to 318 K. The
adsorption capacity of MWNS2 for Ni(II) at 298-318 K is
presented in Fig. S2. From Fig. S2, with the temperature
increased, the adsorption capacity increases and the time
to be equilibrium reduces from ~300 min (298 K) to ~180
min (308 K, 318 K). The experimental data are also cor-
related with the kinetics models as discussed above (Egs.
(5)-(7)), and the estimated parameters are also indicated
in Table 1. From Table 1, all the R*values (>0.999) of the
pseudo-second-order model for MWNS2 at the tempera-
ture from 298 to 318 K are more than the ones (<0.91) of the
pseudo-first-order model, indicating the experimental data
could be represented well with the pseudo-second-order
model. Moreover, the adsorption capacity and adsorption
rate constant are increased with the increased temperature,
which suggests the process of nickel ion adsorption onto
MWNS?2 is endothermic. Besides, the Elovich model also
fits the kinetics data well (R*> 0.97), indicating the adsorp-
tion process is probably related to chemisorption. It is also
observed that the values of B for MWNS2 decrease with

Kinetic models WNS MWNS1 MWNS2
T (K) 298 298 298 308 318
Qoenp (ME/8) 42.57 79.54 103.87 1777 130.26
Pseudo-first-order k, (min™) 0.00661 0.04023 0.03757 0.04358 0.04591
o (ME/) 44.84 75.49 101.36 114.85 124.96
R? 0.9918 0.7511 0.9088 0.8384 0.7234
Pseudo-second-order k,x10°(g mg™ min™) 0.1082 0.6406 0.6532 0.6824 0.7122
o (MG/) 56.99 82.23 107.05 120.64 133.77
R? 0.9784 0.9997 0.9998 0.9997 0.9997
Elovich o (mg g'min™) 0.8296 47.01 2441 42.85 6798
B (g mg™) 0.08126 0.09027 0.05269 0.05013 0.05002
R? 0.9219 0.9816 0.9742 0.9908 0.9851
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temperatures and the value of oo for MWNS?2 increase with
temperatures due to the endothermic nature. In summary,
the increasing temperatures facilitates the process of Ni(II)
adsorption onto MWNS2. There are two reasons can explain
this trend: first, the increasing temperature promotes the
diffusion of the metal ion from bulk solution to bulk adsor-
bent [25]. Second, the increase in temperature increases the
degree of ionization of the function groups, which leads to
increase activity of adsorbing metal ions from solution [26].

To analyze the mechanism and rate-controlling steps
affecting the adsorption kinetics, intraparticle diffusion
equation [17] is applied to fit the kinetic data.

The intraparticle diffusion model is written as

q:= kidtoj +C 8)

where k, (mg g™ min™®’) represents the rate constant of dif-
fusion, C is a coefficient which is proportional to the bound-
ary layer thickness. If the plots of g, versus °° are linear and
pass through the origin (C=0), then the rate-controlling step
is due only to the intraparticle diffusion [27]. The plots of
g, versus % for the Ni(II) adsorption onto WNS, MWNS1
and MWNS2 at 298 K are depicted in Fig. 7a. The plots of g,
versus £ for the Ni(II) adsorption onto MWNS?2 at 298-318
K are depicted in Fig. 7b. From Fig. 7, the plots consist of
two or three linear portions with different slopes. The mul-
tilinearity indicates that two or three steps are operational
during the process of Ni(II) adsorption onto WNS, MWNS1
and MWNS2. Besides, the plots don’t pass through the
origin, which suggests that intraparticle diffusion is one
of rate-controlling steps in this adsorption system. From
Fig. 7a, the process of Ni(II) adsorption onto WNS at 298
K has two rate-controlling steps including the intraparticle
diffusion and the equilibrium plateau, while the ones onto
MWNS1 and MWNS2 have three rate-controlling steps
including the film diffusion, the intraparticle diffusion and
the equilibrium stage. In fact, according to the SEM figures
and BET analysis, the porosity and the average pore size of
WNS is smaller. So, the effects of intraparticle diffusion are
dominant, while the film diffusion is negligible.

3.7. Adsorption isotherms

The adsorption equilibrium is always fitted by the
adsorption isotherms, in which the parameters could indi-
cate the physicochemical property of the adsorbent sur-
face, the adsorbent structure characteristics and the affinity
between adsorbate and adsorbent [28]. The equilibrium
experimental data are correlated with Langmuir [29], Fre-
undlich [30] and Dubinin—-Redushkevich (D-R) models [31].

The Langmuir model assumes that monolayer is formed
on the homogeneous adsorbent surface. Langmuir model is

c, C, 1
—f = 4
qe qm quL

where g_ is the maximum monolayer adsorption capacity.
K, is the Langmuir parameter, which is related to the energy
of adsorption.

The Freundlich model assumes that the adsorption
occurs on the heterogeneous surface with nonuniform
adsorption energy. Freundlich model is
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Fig. 7. (a) Plots of g,vs t*° of nickel ion adsorption onto WNS,
MWNS1 and MWNS2 at 298 K. (initial nickel ion concentration:
5.0 mmol-L; volume of solution: 100 mL; amount of adsorbent:
160 mg; pH: 6.0); (b) Plots of q,vs t*° of nickel ion adsorption onto
MWNS2. (initial nickel ion concentration: 5.0 mmol-L™; volume
of solution: 100 mL; amount of MWNS2: 160 mg; pH: 6.0; tem-
perature: 298-318 K).

Ing, =%lnCE+anF (10)
where K| is the Freundlich constant which can be as an
indicator of adsorption capacity, and 1/# is the Freundlich
parameter related to the adsorption intensity.

The Dubinin—-Radushkevich (D-R) model could dis-
criminate between physisorption and chemisorption on
both homogenous and heterogeneous surfaces. The D-R
model is

Ing, =lng, - K,&* (11)
with
e = RTIn(1+ ) (12)
C.
1
E= 13
2K, (13)



172 S. Li et al. / Desalination and Water Treatment 153 (2019) 165-178

where g, represents the maximum adsorption capacity, K
is the coefficient related to the adsorption energy. € is the
Polanyi potential and E is the mean energy which is uti-
lized to evaluate the adsorption type. If E < 8.0 k] /mol, the
adsorption process takes place physically; if E > 8 kJ/mol,
the adsorption process proceeds chemically [32].

The isotherm data for Ni(Il) adsorption onto MWNS2
were obtained at initial nickel ion concentrations rang-
ing from 0.5 to 7.0 mmol/L at 298-318 K. Fig. 8 shows the
adsorption equilibrium data (g, versus C) at different tem-
peratures. Fig. 8 suggests that g_increases with the increase
of C,at a fixed temperature.

3.6.1. Langmuir model

The relationship between C_/q_ and C_correlated with the
theoretical Eq. (9) at 298-318 K is shown Fig. S3. From Fig. S3,
a feature concentration (C, ) exists which is listed in Table 2.
ForC <C,, theplotsof C /g, vs.C_(denoted by solid lines) are
linear; while for C_> C_, the plots of C_/q_ vs. C_are denoted
by dotted lines. The concentration corresponding to the inter-
section of the solid and dotted line is defined as the feature
concentration. The linear least-squares method was used to
obtain the intercepts and slopes. The Langmuir parameters
(9., and K,) and R? are reported in Table 2. The R* values of
solid lines (0.9903-0.9911) suggest that the experimental data
agree closely with Langmuir model at lower nickel ion con-
centration, indicating that the process is a monolayer adsorp-
tion for C_< C_ . When at higher nickel ion concentration, this
model is not sultable (R*=0.9085-0.9729) and the adsorption
may occur in multilayer fashion for C > C, .

3.6.2. Freundlich model

The plots of In g_vs. In C_ compared with the theoretical
(Eq. (10)) at 298-318 K are shown in Fig. S4. From Fig. 54,
a feature concentration (C) also exists, and is listed in
Table 3. And the Freundlich parameters and R?are listed in
Table 3. The higher R? values (0.9934-0.9990) reveal that the
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Fig. 8. Adsorption isotherms of nickel ion onto MWNS2 at dif-
ferent temperatures. (initial nickel ion concentration: 0.5-7.0
mmol-L7; volume of solution: 100 mL; amount of MWNS2: 160
mg; pH: 6.0; temperature: 298-318 K).

Freundlich model is much better to describe the adsorption
process, and there possibly exists the heterogeneity of the
surface of MWNS2 for Ni(Il) adsorption. Besides, the values
of n (0.2032-4.3638) are lower than 10, indicating that this
adsorption is a reversible process [33]. From Table 3, the val-
ues of K, and n for C_< C_; are distinct from the ones for C_>
C, which suggests that there are two different adsorption
mechanisms occurred in these two concentrations ranges,
and multilayer adsorption may take place in the higher con-
centration range. In addition, the n values (0.2032-0.3543)
for C.> C_, are lower, indicating that in this concentration
range ¢, is more sensitive to C_.

3.6.3. D-R Model

The relationship between In g, and €* compared with
the theoretical (Eqs. (11),(12)) is represented in Fig. S5.
From Fig. S5, the plots of In g, versus &* consist of two lin-
ear portions, that is, there are intersection points ((€')?),
which is corresponding to the feature concentrations
(C.p)- (¢')*and C_; are calculated and reported in Table 4.
And the D-R model parameters and R? are listed in Table
4. From Table 4, for € > (¢')(C_ < C_,), the values of E
(13.18-15.99 k] /mol) are larger than 8 k] /mol, suggesting
chemisorption occurs in this adsorption system. For €% <
(e")%(C,> C_,), the values of E (2.92-3.90 k] /mol) are less
than 8.0 kJ]/mol, suggesting the adsorption belongs to
physisorption. These results indicate that the process of
Ni(II) adsorption onto MWNS?2 is conducted by chemical
adsorption for C,< C_, and followed by physical adsorp-
tion for C > C_..

From Tables 2, 3 and 4, the mean feature concentration
(C.) is calculated by
Ce = (CEL + CeF + CeD) / 3 (14)

The values of C, relative errors and average deviations
for C, C, and C_, are shown in Table 5. The result sug-
gests that the value of C_, C_; and C_, from the above three
models is not much difference between each other with low
average deviations (0.0427, 0.0290 and 0.0237). Therefore,
the value of C’ can be considered as a critical point to dis-
tinguish the monolayer chemical adsorption and multilayer
physical adsorption. For C < C, the process of nickel ion
adsorption onto MWNS2 is a monolayer chemical adsorp-
tion, while at higher concentrations (C_> C ), the process is
a multilayer physisorption.

The adsorption capacity for Ni(II)contrasted with differ-
ent adsorbents is shown in Table 6. From Table 6, the adsorp-
tion capacity of MWNS2 in this study is three times more
than that of untreated WNS. Compared with the adsorption
capacity of sodium hydroxide treated rice bran [34] which is
1.32 times more than that of untreated rice bran, indicating
modifying WNS with aspartic acid is an ideal method that
can effectively increase the adsorption capacity.

3.7. Thermodynamics

The orientation and feasibility of physicochemical
adsorption could be estimated by thermodynamic param-
eters including AG, AH and AS, which can be obtained from
follows:
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Table 2
Langmuir model parameters for nickel ion adsorption onto MWNS2
C.<C, C>C,
T (K) C, (mg/L) 4., (Mg/g) K (L/mg) R 0y (Mg/g) K (L/mg) R?
298 72.82 28.75 0.08672 0.9911 -2841 -0.006403 0.9085
308 71.37 31.59 0.1209 0.9906 -20.00 —0.008211 0.9631
318 60.12 40.72 0.1980 0.9903 —-25.58 -0.009895 0.9729
Table 3
Freundlich model parameters for nickel ion adsorption onto MWNS2
C.<C, C>C,
T(K) C, (mg/L) K, n R? K, n R?
298 75.81 7.7928 3.6652 0.9941 1.2558x10* 0.3543 0.9934
308 78.79 10.4856 4.2432 0.9955 1.3576x1078 0.2032 0.9945
318 65.01 15.0609 4.3638 0.9982 2.4722x107 0.2211 0.9990
Table 4
D-R model parameters for nickel ion adsorption onto MWNS2
C.<C, C>C,
TK) (¢)?*/108 Co q,x10* K,x10° E R? a5 K, x108 E R?
(J?/mol?) mg/L) (mol/g) (mol?/J%) (kJ/mol) (mol/g) (mol?/T?) (kJ/mol)
298 2.7520 72.67 9.37 2.8801 13.18 09936  3.63 3.2903 3.90 0.9928
308 2.8693 78.79 9.29 2.2509 14.90 09905  4.37 5.8861 292 0.9951
318 3.2416 64.82 12.01 1.9557 15.99 0.9918 548 4.8940 3.20 0.9992
Table 5 Table 6
Values of C " and relative errors and average deviations for C;, ~ Comparison of adsorption capacity of nickel ion onto different
Crand C_, adsorbents
Relative errors Adsorbents Adsorption Modifying References
T C/ (€/-CY/C (€ -CIC (€ =C/C! capacity (mg/g) agentls)
(K) (mg/L) MWNS2 130.26 Asparticacid This study
298 7377  —0.0128 0.0277 ~0.0148 and NaOH
308 76.32 ~0.0649 0.0324 0.0325 MWNS1 79.54 Asparticacid This study
318 6332  —0.0505 0.0268 0.0237 WNS 42.57 - This study
Average 0.0427 0.0290 0.0237 Rice bran 153.6 NaOH [34]
deviations Rice bran 116.4 - [34]
Groundnut 6.74 Guar Gum [35]
husk
K = & (15) Moringa 163.88 NaOH and [36]
e C, oleifera leaves citric acid
Oedogonium  44.20 HCl [37]
AG =—-RTInK, (16)  hatei
Coir pith 389 NaOH [38]
AS AH Cashew nut 18.87 - [39]
anC 2?—E (17) shell

where K_is the equilibrium partition constant. C__ (mg/g)
represents the equilibrium solid-phase concentration. AS
and AH could be obtained from the intercept and slope of
the plot of In K_versus 1/T. The negative AG at all tested

temperatures (—14.90, -15.69 and -16.46 kJ/mol at 298, 308
and 318 K, respectively) indicates the adsorption process
of nickel ion onto MWNS2 is thermodynamically favor-
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Table 7

The recycling properties of MWNS2
Cycle number 1 1I 111 v
q (mg/g) 92.51 89.39 8741 85.70
W. (%) 89.07 86.06 84.15 82.51

able and spontaneous. The positive AH (+24.84 kJ/mol)
indicates the adsorption of nickel ion onto MWNS?2 is an
endothermic process in nature. The positive AS (+133.29 ]/
mol/K) corresponds to an increase in the randomness of
the solid-liquid interface during nickel ion adsorption onto
MWNS2.

3.8. Verification

To verify the process of Ni(II) adsorption onto MWNS2,
the samples before and after adsorption (MWNS2 and
nickel-loaded MWNS2) were characterized by EDS, and
the EDS images are shown in Fig. S6. From Fig. S6, there is
a significant peak for Na(I), while after adsorption, Ni peak
emerges and the mass percentage is 9.16%. On the other
hand, according to g, (103.87 mg/g) listed in Table 1, the the-
oretical mass percentage for nickel-loaded MWNS?2 is 9.77%.
Thus, the process of Ni(II) adsorption onto MWNS2 and all
the results obtained in this study could be acceptable.

3.9. Reusability of MWNS-2

The reusability of adsorbents is another important stan-
dard, the results of Ni(Il) adsorption onto the recovered
MWNS2 after four successive adsorption-desorption cycles
are shown in Table 7. As shown in Table 7, the recycled
MWNS2 does not show significant decrease in regenera-
tion efficiency (82.51%), and still maintains high adsorption
capacity despite four successive cycles. Thus, the MWNS2
can be reused in Ni(Il) adsorption.

4. Conclusion

The novel adsorbents (MWNS1 and MWNS2) modified
from walnut shell were synthesized and were characterized
through SEM, elemental analysis, XPS, point of zero charge
analysis and N,-BET analysis. These adsorbents were
applied for the adsorption of Ni(Il) from aqueous solution.
The effects of various factors such as adsorbent dosage and
initial pH on the Ni(Il) adsorption were studied, and the
optimal conditions in the initial Ni(Il) concentration of 5.0
mmol/L solution are 1600 mg/L and pH = 6.0. The adsorp-
tion kinetics experiments were performed at 298-318 K. The
kinetics of Ni(II) uptake by WNS follow pseudo-first-order
model best, while those onto MWNS1 and MWNS2 could
agree closely with the pseudo-second-order equation. The
Elovich model also fits the kinetic data well for MWNS1 and
MWNS2, indicating the adsorption of Ni(II) onto MWNS1
and MWNS?2 is related to chemisorption. The results of
intraparticle diffusion model suggest that the adsorption of
Ni(II) onto MWNS1 and MWNS2 involves intraparticle dif-
fusion, but it is not the only rate-controlling step.

The isotherm data for adsorption of Ni(II) onto MWNS2
were obtained at initial Ni(I) concentrations ranging from
0.5 to 7.0 mmol/L at 298-318 K. the adsorption equilibrium
data of Ni(Il) onto MWNS2 are correlated with Langmuir,
Freundlich and D-R models. Simultaneously, the mean fea-
ture concentration (C_") correlated with temperature is deter-
mined. The values of R? suggest that the Freundlich model
(0.9934-0.9990) is more agreeable than the Langmuir model
(0.9085-0.9911). From the above discussion, the adsorption
mechanism is described as follows: the process of nickel ion
adsorption onto MWNS2 is a monolayer chemical adsorption
at lower concentrations (C, < C_), while at higher concentra-
tions (C,> C.’), the process is a multilayer physisorption. The
values of thermodynamic parameters (AG, AH and AS) reveal
that the process of Ni(ll) adsorption onto MWNS2 is ther-
modynamically favorable, endothermic and entropy driven.
The EDS analysis verify that Ni(II) is adsorbed onto MWNS2.
What's more, the recovered MWNS2 maintains high regen-
eration efficiency (82.51%) despite four successive cycles.
Based on this research, it can be concluded that MWNS2 can
be effectively used for Ni(II) removal from aqueous solution.

Symbols

C,C,C, — Concentrations of nickel ion at initial, at

equilibrium time and at time t (mg/L)

Mean feature concentration (mg/L)

Feature concentration from D-R model

(mg/L)

— Feature concentration from Freundlich

model (mg/L)

Feature concentration from Langmuir model

(mg/L)

— Equilibrium

(mg/g)

Mean energy of adsorption (kJ/mol)

Pseudo-first-order rate constant (min™)

— DPseudo-second-order rate constant (gmg™
min™)

— Equilibrium partition constant

— D-R model coefficient (mol?/J?)

— Freundlich constant

Rate constant of diffusion (mg g™ min=?)

Langmuir parameter (L/mg)

— Freundlich parameter

Adsorption capacities for the first and nth

cycle (mg/g)

Maximum adsorption capacity from D-R

model (mg/g)

Maximum monolayer adsorption capacity

(mg/g)

Adsorption capacities at time ¢ and at equi-

librium time (mg/g)

— Removal efficiency (%)

— Absolute temperature (K)

— Solution volume (L)

— Adsorbent mass (g)

— Regeneration efficiency (%)

Standard Gibbs free energy change (kJ/mol)

— Enthalpy of reaction (kJ/mol)

— Entropy of reaction (J/K/mol)

c/ —

solid-phase  concentration
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Greek

o — Initial adsorption rate (mg g™ min™)
B — Desorption constant (gmg™)

€ — Polanyi potential (J/mol)
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Fig S1. Adsorption kinetics of Ni(Il) onto three adsorbents
(WNS, MWNS1 and MWNS2) (initial nickel ion concentration:
5.0 mmol-L™; volume of solution: 100 mL; amount of adsorbent:
160 mg; pH: 6.0; temperature: 298 K).
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Fig. S2. Effect of temperature on nickel ion adsorption onto
MWNS2. (initial nickel ion concentration: 5.0 mmol-L; volume
of solution: 100 mL; amount of MWNS2: 160 mg; pH: 6.0; tem-
perature: 298-318 K).

S. Li et al. / Desalination and Water Treatment 153 (2019) 165-178

35

3.0 ;

25

2.0

0 :

sy :
O’ 1.5 i

1.04

0.5

1 c
¢ el
0.0 T T T T T T T T T
0 20 40 60 80 100 120 140
C, (mg/L)
3.0
(b)
o 308K
\
\\
\
R
< .
o .
N\
On
N
oy
\
N
el
T T T
80 100 120

C, (mg/L)

1.8

CeL
T T T T T

0.0 . ;

40 60
C, (mg/L)

80 100

Fig. S3. Langmuir model of nickel ion onto MWNS?2 at different
temperatures: (a) 298K, (b) 308K, (c) 318K.



S. Li et al. / Desalination and Water Treatment 153 (2019) 165-178

5.0
1
"
4.5 (a) ’
/
= 208K "
1
- ’
4.0 o
/
1/
/
o 35 o
£
3.04
2.5
'InC
H eF
2.0 T T T T T T T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
InC,
5.0
°
(b) ;
4.5 o 308K ¢
1
'l
1
4.0 4 l@
1
— A
5.0
InC
e
5.5
5o (c) ,
7 A 318K i
!
1
InCeF
25 T T T T T T T T T T - T T T
0.5 1.0 15 2.0 25 3.0 3.5 4.0 4.5 5.0
InC,

Fig. S4. Freundlich model of nickel ion onto MWNS?2 at different

temperatures: (a) 298K, (b) 308K, (c) 318K.

Ing (mol/g)

Ing(mol/g)

Ing,(mol/g)

177
6.0
(a)
6.5 Y [ 298K
N
\
\
\
-7.04 v
n
\
\
\
\
-7.54 \
-8.04
-8.5 T T T T T T T T T T T
2.0x10°  2.5x10°  3.0x10°  3.5x10°  4.0x10°  4.5x10°  5.0x10°
£(J*mol?)
6.0
\
g
\ (b)
6.5 o o 308K
‘\
1
1
7.0 [
1
\
|‘§
-7.54 :
-8.04
-85

£(J%mol?)

T - T T T T T T
2.0x10° 2.5x10° 3.0x10° 3.5x10° 4.0x10° 4.5x10° 5.0x10° 5.5x10° 6.0x10°

55
6.0 H (c)

A

: A 318K
6.5
-7.0
-7.5 4
-8.0 4

(@)
-8.5 T T T T T
2x10° 3x10° 4x10° 5x10° 6x10° 7x10°
£(Jmol?)

8x10°
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Table S1
Elemental analysis of WNS, MWNS1 and MWNS2
c (@)
C (%) H (%) N (%)
WNS 48.82 5.30 0.20
MWNS1 50.39 5.63 1.30
MWNS2 49.85 5.78 1.28
0]
Table S2
Area ratios of C 1s spectra of WNS and MWNSI1
Na
Adsorbents  Peak area ratio (%)
L\,\/_\ C-C C-OH Cc=0 COOH
e /C-H /C-0-C /O-C-O /COOR

0 1 2 3 4 5 6 7 8 9 10 WNS 38.2 451 14.6 21
MWNS1 44.5 34.2 12.4 89
(b)
C Table S3
Characteristics of WNS and MWNS2
Parameters Value
WNS MWNS2
pH . 73 76
0 9.16% wiw Surface area® (m?/g) 1.04 3.14
Total pore volume® (10°cm?®/g) 3.13 18.84
Average pore diameter® (nm) 12.09 24.01
Ni Ni “Determine using N,-BET analyzer.
Ni
|'|'|'|'|'|'|'—|/'K"‘|J\'|

0 1 2 3 4 5 6 7 8 9 10

Fig. S6. EDS images of (a) MWNS2 and (b) Nickel-loaded
MWNS2.



