.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Comparative analysis on adsorption properties and
mechanisms of nitrate and phosphate by modified
corn stalksy

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 36468

Lin Wang,3°¢ Zhizhi Xu,1° Yongsheng Fu,® Yangwu Chen,?© Zhicheng Pan,®
Rui Wang? and Zhouliang Tan (& *b¢

In this study, modified corn stalks (MCS) were successfully synthesized by grafting or crosslinking
triethylenetetramine (TETA) and triethylamine (TEA) in the presence of epichlorohydrin (EPI) and N,N-
dimethylformamide (DMF) for the effective removal of nitrate and phosphate. The characteristics of
adsorbents were determined and the adsorption properties and mechanisms of nitrate and phosphate
on MCS were studied and compared. Results from Zeta potential, elemental analysis (EA), scanning
electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) showed that quaternary
ammonium group was successfully grafted onto corn stalks (CS). Both adsorption properties and
mechanisms indicated that the MCS had a better affinity to phosphate. For adsorption properties, under
conditions of a dosage of 4 g L™%, pH 6.0 and an initial concentration of 50 mg L™, the phosphate
removal rate was 10.97% higher than that nitrate, and SO4°~ and Cl~ had a larger inhibitive effect on
nitrate. Mechanisms analysis included adsorption kinetics, isotherm and thermodynamics. Results
indicated that the parameters of different models were closely related to the adsorption effect of nitrate
and phosphate. In addition, pseudo-second-order and Freundlich model fitted both nitrate and
phosphate adsorption well. The thermodynamics analysis indicated that the adsorption process was
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1 Introduction

Excessive nitrate and phosphate that is produced by livestock
wastewater," industrial wastewater and agricultural activities
like fertilization™*® discharging into natural aquatic environ-
ment has caused a serious environmental problem in recent
years. Eutrophication is one of the most classical damages due
to the enrichment of phosphate and nitrate,* which destroys
the associated habitat and further affects the biodiversity due
to insufficient light penetration and dissolved oxygen. More-
over, nitrate can be converted into nitrite in human bodies and
may lead to methemoglobinemia.* As a result, according to the
provisions of US Environmental Protection Agency (USEPA),
the maximum concentration of nitrate-nitrogen in drinking
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spontaneous and endothermic in nature.

water is 10 mg L™" and the maximum permissible level and
stringent discharge limit of phosphate is 0.1 mg L™ " and less
than 0.05 mg L, respectively.® Therefore, effective, econom-
ical and feasible methods for nitrate and phosphate removal
are urgently needed.

Adsorption as a new technology, is considered as a poten-
tial way for the removal and recovery of low levels of phosphate
and nitrate.® Recently, cost-effective, environmental-friendly
and adaptable agricultural waste based (AWB) adsorbents
have received increasing attention.® In previous researches,
various agricultural wastes like rice husk,” soybean wastes,*
wheat straw,®® pine sawdust'® and corn stalks (CS)'"'> were
converted into biochar or anion exchangers to remove dyes,
anions and metal pollutants in aqueous. During previous
literature, CS were less researched compared with other agri-
cultural wastes. However, CS are regarded as an important
agricultural waste due to its high production. According to the
provisions of the United States Department of Agriculture
(USDA), America and China, as two major corn producers,
produced over 366 and 215 million tons of corn in 2017,
respectively. If the corn stalk to corn ratio is 1.2, the amount of
corn stalks produced will be 258 million tons in China. The
disposal of corn stalk has been a great problem as one of the
major pollutant emissions due to over 20.8% crop residue
open burning in China.” Fan et al.*> showed that CS rich in

This journal is © The Royal Society of Chemistry 2018
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cellulose could improve its adsorption capacity after chemical
modification due to the introduction of functional groups
onto the surface. Previous studies mainly focus on the
adsorption behaviour of nitrate or phosphate by CS in a single
or binary system, but fewer researchers deeply compare the
similarity and difference of properties and mechanisms
between nitrate and phosphate adsorption on CS and modi-
fied corn stalks (MCS). The chemical modified methods on
agricultural wastes mainly introduce functional groups like
heavy metals™'' and amine groups® to improve adsorption
capacity. The later was used by many researchers due to its
great adsorption capacity to anions. However,
researchers selected triethylenetetramine (TETA) as a quater-
nary ammonium group. Wang et al.** used magnetic Fe;O, to
improve the separation of materials and then grafted quater-
nary ammonium group to adsorb phosphate, which is more
complexed than this study due to the strict oxygen-free
condition of preparing Fe;O,. The effect of nitrate adsorp-
tion was also not considered.

In this study, MCS was successfully synthesized by grafting
and crossing TETA and triethylamine (TEA) in the presence of
epichlorohydrin (EPI) and N,N-dimethylformamide (DMF) for
the removal of nitrate and phosphate. The effectiveness of
MCS was determined by a series of characterization analysis,
such as Zeta potential, elemental analysis (EA), scanning
electron microscopy (SEM) and Fourier Transform Infrared
Spectroscopy (FTIR). Adsorption properties in both systems
were evaluated by comparing the effects of dosage, pH, initial
concentration and competing anions. Based on this, adsorp-
tion mechanisms of nitrate and phosphate were discussed by
analysing the different parameters’ values of adsorption
kinetics, isotherms and thermodynamic. The purpose of this
paper is to provide theoretical basis for the practical applica-
tion of CS adsorbent in water to control nitrate and phosphate
pollution by comparative study the adsorption properties and
mechanisms of MCS.

fewer

2 Materials and methods
2.1 Materials

CS used in this study were obtained from Rongchang County
(Chongging, China). Raw CS were first washed with tap water to
remove the dust and mud, and then dried at 70 °C for 24 h. After
that, it was cut into short segments (1 cm) and then pulverized
by a food processor into small particles with length of 0.1-0.2
mm. All reagents were analytical grade and bought in Chengdu
Kelong Chemical Reagent Factory (China), including potassium
nitrate (KNO;), potassium dihydrogen phosphate (KH,PO,),
anhydrous sodium sulfate (Na,SO,) and potassium chloride
(KCl).

2.2 Preparation of MCS

Raw CS were modified by grafting quandary ammonium groups
onto cellulose chains." First, 2 g of CS powder was added into
a three-neck flask, followed by 15 mL EPI and 10 mL DMF. The
reaction was proceeded under 85 °C using water-bath heating
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Fig. 1 Synthesis process of MCS.

for 60 min. Then 5 mL of TETA was added drop-wise at 75 °C
and stirred for 60 min, after which 20 mL of TEA' was added at
the temperature of 80 °C and reacted for another 120 min. The
product was washed alternatively by ethanol and distilled water
until its pH reached neutral, then dried at 70 °C for 24 h. Dried
product was grinded and sieved through 100 mesh to obtain
small particles. The three-step synthesis process of preparing
MCS was shown in the Fig. 1. First, using DMF as an organic
solvent, EPI reacted with the hydroxyl groups on cellulose or
hemicellulose chains of CS,° forming epoxy cellulose or hemi-
cellulose ethers.® Then, epoxy cellulose or hemicellulose ethers
crossed linked with TETA after being hydrolyzed. Finally, TEA
reacted with the side chains, by which quaternary ammonium
groups were grafted.

2.3 Characteristics of CS and MCS

Van Soest methods were used to investigate the basic compo-
nents of CS including cellulose, hemicellulose, lignin and ash.*®
Zeta potential, EA, SEM and FTIR were performed on CS and
MCS. Zeta potential was measured by the Nano particle Size and
Zeta potent (Malvern Zetasizer Nano ZS90, England). Samples
were prepared by mixing 0.1 g dried CS or MCS in 50 mL
centrifugal tube with distilled water. Transparencies were then
adjusted to 0.3-0.4 by ultraviolet spectrophotometer (TU-
1810SPC, China). EA was performed to detect the elemental
changes using an element analyzer (vario MACRO cube, Ger-
many). Phenom Pro scanning electron microscope (SEM,
Dutch) was used to investigate the surface structural change of
CS and MSC. Samples were prepared by immobilizing powdered
CS, MCS in sample holders and then coated with gold. The
Spectrum 100 Fourier Transform infrared spectroscopy (FTIR,
PerkinElmer in America) was used to identify functional groups
in CS and MCS, scanning from 450 to 4000 cm™'. MCS after
adsorption of 50 mL of 50 mg L~ " nitrate (MCS + N) or phos-
phate (MCS + P) for 24 h were also measured.

RSC Adv., 2018, 8, 36468-36476 | 36469
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Table 1 The equations of adsorption kinetics, isotherms and thermodynamics

Models Equation Parameters
Pseudo-first-order g =qe(1 — e g: the amount of adsorbent anions onto the MCS (mg g™ ');
k,: the rate constant (min ")
Pseudo-second-order gkt ky: the rate constant (g min~" mg ")
1= 15 qekat
Intra-particle diffusion g=kt**+C k: the intra-particle rate constant (g mg~" min™");
C: a constant for any experiments
Langmuir _ qmaxKiLCe ge: the equilibrium adsorption capacity (mg g ); Ce:
=17 K.,Ce the equilibrium concentration of the solution (mg L™); gmax:
the maximum amount of anion required for a monolayer (mg g~ ")
Freundlich e = ksCL™ kg:the Freundlich equilibrium constant; n: the Freundlich constant
Temkin ge = BIn(AC,) A: the Temkin isotherm constant (L g~ '); B: the heat of adsorption (J mol ™)
(AG") AG'= —RTIn K R: the gas constant (8.314 ] mol ™" K), T the absolute temperature (K),
K: the equilibrium constant for solid-liquid system
K= e M: the molar mass of nitrate or phosphate
Ce
| ASY  AHO AS°: (k] mol™".K), AH®: (k] mol™")
R S

2.4 Adsorption test

Effects of dosage, pH, initial concentration and competing
anions (Cl~, SO,*>7) on adsorption capacities were studied
individually. For both anions, dosage effects were studied by
varying the dosage from 1.0 to 6.0 ¢ L™ " at the initial concen-
tration of 50 mg L™". Effects of pH were studied by adjusting
initial pH from 2.0 to 11.0 using HCI (1.0 mol L") and NaOH
(1.0 mol L") at the dosage of 4 g L™ ". Residual concentrations
and pH were measured after adsorption. The initial concen-
trations were adjusted to 10, 30, 50, 70, 90 mg L™ " at the dosage
of 4 gL', while pH for nitrate and phosphate was set as 7.0 and
6.0 respectively according to previous results. As for competing
anions, effects of C1~ at 30, 50 mg CI/L, SO,>~ at 50, 100 mg S/L
as well as combinations of Cl~ (30, 50 mg CI/L) and SO4>~
(50 100 mg S/L) were investigated. Adsorption tests were all
conducted using the magnetic stirrer under room temperature
for 120 min. In kinetic and isotherm experiments, dosages were
set as 4 g L' and pH was adjusted to 7.0 for nitrate and 6.0 for
phosphate.

Parallel samples were prepared in each test, and error bars
were presented in all graphs. Origin9.0 was used for plotting
and data analysis. Concentrations of nitrate and phosphate
were detected according to National Standards Methods (HJ/
T346—2007, GB11893-89) using a UV-visible spectrophotometer
(Persee, TU-1901, China) at wave length of 220 and 275 nm,
700 nm respectively. Adsorption capacities, g. (mg g~') was
determined by the amount of anions adsorbed per unit weight
of the adsorbent at equilibrium using the following equation:

qe = (co — o) VIm 1)

where ¢, is the initial concentration (mg L"), c. is the equilib-
rium concentration (mg L"), V is the volume of solution (mL)
and m is the amount of adsorbent (g).

Adsorption kinetics (pseudo-first-order, pseudo-second-
order model and intra-particle diffusion model*®), adsorption

36470 | RSC Adv., 2018, 8, 36468-36476

isotherms (Langmuir, Freundlich and Temkin isotherm
models’’) and thermodynamics were used for analysis of the
difference of MCS on nitrate and phosphate adsorption. The

equations were shown as Table 1.

3 Results and discussion
3.1 Characteristics of CS and MCS

3.1.1 Zeta potential and EA of CS and MCS. The proportion
of cellulose, hemicellulose, acid-soluble lignin and ash in corn
stalks was 34.31%, 20.47%, 4.12% and 0.30%, respectively,
which indicated CS had a potential to adsorb nitrate and
phosphate by modification based on high cellulose production.
Zeta potential provides information about electro-kinetic
behaviour of samples in solution. Zeta potential of MCS
increased from —23.5 mV to +18.1 mV comparing with CS at the
pH of 7.0. This increase confirmed that some positively-charged
functional groups had been successfully grafted onto CS.®

According to the results of EA, the nitrogen content (N%)
increased from 1.61% to 12.39%, higher than previous results
obtained by Xing, X."” who used modified wheat stalk for nitrate
removal. The rapid increase in N% indicates high-speed reac-
tions and confirms the presence of amine groups on MCS.°
Previous researches proved that N% is correlated with phos-
phate removal performance, thus a significant increase in N% is
a reliable indicator of promising phosphate removal ability.?
Results of Zeta potential and EA all confirmed the enhancement
of adsorption capacities.

3.1.2 SEM of CS and MCS. The SEM photos of both MCS
and CS were presented in Fig. 2. It can be seen from Fig. 2(a) and
(c) that MCS has more layers and pores than CS, indicating
larger surface area. This can be explained by the partial removal
of lignin, hemicellulose, ash and other extractives." Fig. 2(b)
and (d) showed that the surface of MCS is a lot rougher than CS
due to the attachment of functional groups. Similar results were
also observed in Fan's research, in which modified cellulose

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06617e

Open Access Article. Published on 29 October 2018. Downloaded on 6/9/2026 12:59:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig.2 The SEM micrographs of CS at 2300x (a) and 22500x (b), MCS
at 2500x (c) and 25000x (d).

from corn stalks had more irregular surface with protrusions
and cracks.”” Multilayer structure and functional groups on
surface proved the enhancement of adsorption capacities.
3.1.3 FTIR of CS and MCS. The FTIR spectra of CS, MCS
and MCS after phosphate, nitrate adsorption (MCS + P, MCS +
N) were shown in Fig. 3. The broad band spanning from 3200 to
3500 cm ™' in the spectrum of CS was due to the hydrogen
bonded -OH and nitrogen bonded -NH stretching. The specific
peak at 1659 cm ™' is related to the carboxyl group (-COOH)
stretching vibration.® The intense peaks at 1053 cm™ " in CS and
1051 cm ™' in MCS corresponded to specific stretching vibration
of C-N bond. The new peak occurred at 1330 cm ' in MCS
corresponded to C-N bending vibrations,* which indicated the
presence of quaternary ammonium groups.* Fig. 3(c) showed
that the specific bands from 1053 cm ' to 1659 cm ™' were
enhanced due to the adsorption of phosphate.” The nitrate

g |\ W\/"m A e A % A/\A\'\,Af«/\f \ ,?/N v
© L\J\ ;rwﬂ’( - N/
i Y
) ° 1053+~
" =TT ) - /
8 \\ P Y "‘ - /A‘\ / N\
. \ N/ : 2N
b) i / 1659 # 1 "’01 o
a | VA Ao A ;
2 ' e . \ iy
N \l’v /* (PNPa) Paid 1(* "
g 1659 \ &
= (©) \\\__,/\Wm‘ 2 \_\ / )
Yeu 1053
\'l«- A g /‘x /.;\J
A o \ / W
'§ \‘ //”‘\v\// E\/‘. ; \
(d). (N SN S | L,y o384
4000 3600 3200 2800 2400 2000 1600 1200 800

Wave number (cm“)

Fig. 3 FTIR spectra of CS (a), MCS (b), MCS + N (c) and MCS + P (d).
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characteristic peak at 1384 cm ' in Fig. 3(d) indicates that
nitrate was adsorbed by MCS."” FTIR results confirmed the
presence of functional groups and proved that MCS had the
ability of removal nitrate and phosphate from aqueous.

3.2 Results of adsorption tests

3.2.1 Effect of dosage. Dosage mainly offers active adsorp-
tion sites for the removal of nitrate and phosphate. Fig. 4 shows
that the removal rates of two anions increased as the dosage
increased from 1.0 ¢ L™ to 6.0 g L™ ' by using MCS, which can
be ascribed to the increase of available adsorption sites.”* At the
dosage of 1.0 g L™', the removal rate of phosphate was nearly
two times as that of nitrate and the removal rates reached
96.72% and 86.38% for phosphate and nitrate when dosage
increased to 6 g L', respectively. Reversely, the values of g.s
had the opposite trends with the increase of dosage, indicating
that functional sites on MCS were underutilized at high
dosage.?* At the dosage of 1.0 g L™, q. was 37.49 mg g * for
phosphate and 23.30 mg g~ * for nitrate, showing higher larger
capacities for both anions comparing with previous researches
using metal-loaded activate carbon (8.73-14.12 mg P ¢~ ')?*> and
modified rice hull (11-17 mg N g~ ').2* Furthermore, there were
no obvious adsorption effects in the control groups, and even
the removal efficiency of phosphate decreased as CS dosage
increased, which might be due to the release of previously
pertained phosphate from fertilizer. In a total, MCS had a pref-
erence for phosphate over nitrate, and the removal rates of
nitrate and phosphate could be narrowed the gab with the
increase of dosage. The similar results were reported by Saad,
R.” and Keranen, A.'° The dosage of 4 g L™ ", pH 6.0 and initial
concentration of 50 mg L™, the phosphate removal rate was
10.97% higher than that nitrate. As a result, 4.0 g L' was
selected as the optimal dosage in the following experiments
considering removal rate, efficiency and expense.

3.2.2 Effect of pH. The pH value has a significant influence
on the adsorption capacities of adsorbents in that it is closely
related to the electronic charges of functional groups on MCS

100
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30+ % [_INitrate g -MCS 4 60@
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Fig. 4 Effect of CS and MCS dosage on the nitrate and phosphate
adsorption.
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caused by ionization.” As shown in Fig. 5(a), the results showed
that CS had poor removal rate of nitrate and phosphate with the
increase of pH, which was consistent with dosage. Therefore,
subsequent experiments no longer focused on CS. For MCS, the
optimal pH for nitrate and phosphate was 2.0 and 6.0, respec-
tively, under which the individual removal rates reached 82.69%
and 95.86%. However, nitrate and phosphate adsorption pre-
sented opposite performances under extreme pH. For nitrate,
the adsorption capacity of pH at 2.0 was 16.80% higher than
that at pH 11.0, while for phosphate it was 24.80% lower. These
results indicated that nitrate adsorption capacity was slightly
promoted and phosphate was seriously inhibited at low pH,
which differed from Bozorgpour et al.'s previous findings>* that
both two anions favoured acidic solution when using chitosan/
Al,05/Fe;0, composite non-fibrous adsorbent. This distinction
can be explained by protonation and competing effect among
anions as presented in Fig. 5(b). The protonation of phosphate
in form of [H3PO,] in acidic solution will restrict phosphate
capture.” The ionization constants (pK,) for H;PO, are 2.2, 7.2
and 12.4 respectively.” As it was shown in Fig. 5(b), high
concentration of H' in acidic solution will compete against
positively charged quaternary amino groups for dihydrogen
phosphate, forming molecular H;PO,. Low pH would not be an
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Fig. 5 Effect of pH on the nitrate and phosphate adsorption (a) and
hydrolysis of phosphate (b).
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inhibiting factor for nitrate adsorption since HNO; is a strong
electrolyte. Meanwhile, the excessive OH™ in alkaline solution
will compete against target anions for quaternary amino
groups. At the pH of 11, nitrate sorption was inhibited by
16.86% (g. = 8.43 mg g ') comparing with that at optimal pH,
while phosphate was only slightly inhibited, decreased from
11.84 mg g ' to 10.80 mg g . It was presumed that resins
generally have a greater affinity towards ions with larger atomic
number and higher valence," thus the competences of three
anions may be ranked as PO,*~ > OH~ >NO; . Overall, pH from
4.0 to 8.0 was considered optimal for both anions, at which the
sorption capacities remained relatively constant. This suggested
that MCS is adaptable to various aqueous.

The pH values after adsorption were also measured. For both
anions, pH tended to return to neutral after adsorption (ESI
Fig. 11), especially within the range of 4.0 to 8.0. Wang"* also
reported similar pH change when using modified corn straw for
phosphate adsorption. This buffer effect might be caused by the
inherent weak acidic hydroxyl and alkali amidogen groups on
MCS. Considering the experimental results and actual aqueous
quality, pH was adjusted to 6.0 for phosphate and 7.0 for nitrate
in the following tests.

3.2.3 Effect of initial concentration. Initial concentration is
an important factor to assess the adsorption capacity of MCS.
Fig. 6 showed the adsorption capacities and removal rates of
nitrate and phosphate within the initial concentration range of
10 to 90 mg L. As initial concentration increased, adsorption
capacities of nitrate and phosphate increased by 6.73 and 9.05
times, respectively. MCS still maintained a high removal rate
(over 90%) for phosphate when concentration reached
90 mg L', while nitrate removal rate dropped from 95.10% to
71.20% in the same case. Therefore, the different properties of
nitrate and phosphate adsorption indicated that MCS is more
capable of phosphate removal and more resistant to high
phosphate concentration.

3.2.4 Effect of competing anions. Till now, both the
adsorption properties of nitrate and phosphate above were
discussed singly. There exists various anions in real wastewater
which have the ability to compete active sites. In order to

221
A _— 100
20 W 4 4
T
18+ .“““—<l\
y [ INitrate q, \\\ 80—
- d
P77 Phosphate g S
141 _u_ Nitrate removal rate £
% 12 | —A— Phosphate removal rate 60‘_‘
=
E 1w} é
Sh [ 405
8 3
6L
4} 20
L2
0 I i 1 0
0 10 20 30 40 50 60 70 100

Initial concentration (mg/L)

Fig. 6 Effect of initial concentration on nitrate and phosphate
adsorption.
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investigate how much other anions affect on MCS, different
concentrations of chlorine (Cl7) and sulfate (SO,>7), as the
represents of real wastewater, were added into nitrate or phos-
phate solution separately of in combination.

Results were presented in Fig. 7. The presence of competing
anions had negative effects on the adsorption capacities of both
phosphate and nitrate. It can be inferred from Fig. 7 that the
concentration of competing anions and classification were the
two key factors to affect the adsorption capacities. For the same
classification of individual competing anions, especially for
sulfate, the former was more predominant. The inhibition rate
of nitrate increased from 38.96% to 54.94% as the concentra-
tion of sulfate raised from 50 mg S/L to 100 mg S/L, which was
nearly two times compared with the inhibition rate of phos-
phate. These results were coincide with our previous deduction
that the phosphate was more competitive and more resistant
than nitrate. For the compound system, the classification of
competing anions played an important role. Fixed the concen-
tration of sulfate as 50 mg S/L and varied the concentration of
chloride from 30 mg CI/L to 50 mg Cl/L, the adsorption capa-
bilities of nitrate decreased from 10.88 mg g™ ' to 6.62 mg g~
and 5.66 mg g~ ', respectively. That of phosphate dropped from
11.99 mg g ' to 9.67 mg g " and 9.33 mg g, respectively.
However, when the concentration of sulfate changed from
50 mg S//L to 100 mg S/L with a constant concentration of
chloride (30 mg Cl/L), the inhibition rate of nitrate was 13.92%
higher than that of phosphate at 100 mg S/L. These results
indicated that the affinity level between adsorbent and adsor-
bate was largely determined by concentration and valence of
anions. A. Keranen' observed that 99% of sulfate can be
removed by modified sawdust resin at the initial concentration
of 50 mg L™". Therefore, the decrease in adsorption capacities
might be due to the adsorption of competing anions.

3.3 Adsorption kinetics

The various parameters of adsorption kinetics can reveal the
adsorption mechanism of nitrate and phosphate, explaining
why the MCS showed more affinity to the later. As can be seen
from ESI Fig. 2,7 the kinetic behaviours at low, medium and

This journal is © The Royal Society of Chemistry 2018
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high concentration (10, 50, 90 mg g~ ') of both phosphate and
nitrate were studied and the results were presented. For both
anions, the kinetic trend can be characterized into three stages.
In the first stage (0-5 min), the steep slope minutes indicated
rapid reaction speed. Reaction began to slow down in the
second stage (6-15 min), during which most of the adsorption
processes (g,/g. = 0.881-0.971) were completed. The reaction
speed further slowed down in the third stage (16-60 min) until
final equilibrium was achieved. For both anions, g. increased as
initial concentrations increased. Slight delays in equilibrium
timing were observed at high concentration, but equilibrium
can still be reached within 60 minutes. The distinction of
nitrate and phosphate adsorption by MCS became more evident
as concentration increased, which can be explained by the
adsorption kinetics, such as pseudo-first-order model, pseudo-
second-order model and intra-particle diffusion model.

Parameters of pseudo-first-order and pseudo-second-order
model were shown in Table 2. Pseudo-second-order model
gave better fit under the same conditions (R*> = 0.937-0.993) due
to the lower akaike information criterion (AIC) values in terms
of the simulation results, and the obtained ¢g. values were
consistent with experimental results. Similar fitting results were
reported by Boeykens, S. P.*® This suggested that the rate-
limiting step may be chemisorption or ion exchange.’ k, indi-
cates the reaction speed, which decreased with the increase of
the solution concentration, corresponded to the slight delays of
equilibrium time at high concentration. It can be inferred from
Table 2 that phosphate adsorption occurs slightly faster than
nitrate at the concentration of 10 and 50 mg L™, possibly due to
its higher valence. When concentrations reached 90 mg L™", k,
values were the same for both anions, at which point the
number of adsorption sites became the key factor to determine
the rate of reaction instead of valence.® As a result, the MCS
showed a different affinity on nitrate and phosphate due to its
different reaction speed and valence.

Intra-particle diffusion model was applied to discuss the
diffusion mechanism during adsorption.'* Multi-linearity in g,
vs. t°° plots were applied to depict three reaction stages.
Parameters of each stage were presented in Table 3. R* values
ranged from 0.808 to 0.997, in which no plot had passed
through the origin, suggesting that diffusion is not the only
speed-controlling factor.” ks increased along with contact time
and initial concentrations. At concentrations of 10 and
50 mg L', k,s of nitrate adsorption were generally larger than
that of phosphate. However, such advantage became less
evident as initial concentration increased, which further indi-
cated that diffusion was not determined by the mechanism of
reaction rates only in the process. The positive values of C also
indicated the presence of other mechanisms like boundary
diffusion.'® Therefore, it's possible that some anions have
diffused into MCS during the process, however the removal of
anions is mainly achieved by adsorption.

3.4 Adsorption isotherms

The adsorption isotherm fitting curves under four different
temperatures were shown in ESI Fig. 3.1 Langmuir, Freundlich
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Table 2 Adsorption kinetics parameters: the pseudo-first-order kinetic and the pseudo-second-order model
Model Nitrate Phosphate
Pseudo-first-order model Co (mg L™ 10 50 90 10 50 90
Geexp (Mg g™ 2.70 10.68 15.71 2.54 15.49 20.48
kq 0.57 0.37 0.44 1.06 0.43 0.43
S 0.07 0.04 0.04 0.08 0.05 0.04
qe 2.50 9.81 14.58 2.45 10.79 19.09
S 0.05 0.22 0.27 0.02 0.26 0.34
R* 0.681 0.798 0.841 0.812 0.711 0.841
AIC —61.14 —9.89 —0.53 —91.35 —2.53 7.36
D <<0.00001
Pseudo-second order model ks 0.38 0.06 0.04 0.87 0.07 0.04
S 0.03 0.01 0.002 0.02 0.01 0.001
qe 2.65 10.39 15.52 2.54 11.42 20.23
s 0.03 0.13 0.09 0.01 0.15 0.10
R* 0.941 0.953 0.987 0.993 0.937 0.999
AIC —93.05 —37.64 —48.77 —154.24 —31.65 —45.42
p <<0.00001
Table 3 Adsorption kinetics parameters: intra-particle diffusion model
Nitrate Phosphate
Parameters 10 mg Lt 50 mg Lt 90 mg Lt 10 mg Lt 50 mg Lt 90 mg Lt
Stagel kp1 0.56 2.11 4.32 0.41 1.96 5.18
Cy 0.96 2.94 2.99 1.45 4.21 4.54
R12 0.942 0.935 0.900 0.914 0.997 0.990
Stage2 kpz 0.16 0.90 1.45 0.05 0.72 2.42
C, 1.84 6.15 8.90 2.29 7.64 10.51
RZZ 0.881 0.878 0.917 0.967 0.810 0.979
Stage3 kp3 0.03 0.20 0.25 0.01 0.15 0.39
Cs 2.33 8.58 13.22 2.42 9.93 16.91
R32 0.903 0.958 0.967 0.958 0.929 0.892

and Temkin isotherms models were applied to quantify the
relationship between ¢q. and c..

Adsorption capacities for both anions slightly increased
along with temperature from 283.15 to 303.15 K, however
decreased at 313.15 K. The decrease will be discussed by ther-
modynamic parameters in the later part. Adsorption capacities
changed only a little as temperature varied, confirming the
thermostability of MCS. Table 4 listed isotherm parameters of
all three models. Freundlich model gave better fits due to lower
AIC values and higher R* (0.978-0.999) for both nitrate and
phosphate, indicating non-ideal multilayer adsorption on
heterogeneous sites. This result corresponded to previous SEM
analysis that MCS acquired a rougher surface due to the grafting
of quaternary ammonium groups. The values of were generally
smaller for phosphate adsorption (0.39-0.43) comparing to
nitrate (0.44-0.48), indicating higher affinity between MCS and
phosphate. Langmuir (R* = 0.956-0.980) and Temkin model (R>
= 0.912-0.979) also presented valuable perspectives about
MCS's isotherm behaviour. Compared with other adsorbents
(Table 5), at 303.15 K, g.s of Langmuir for nitrate and phosphate
were 20.04 mg g~ and 24.20 mg g~ at the concentration of
90 mg L7, slightly higher than that reported by Fan, C. et al.*?
(13.61 and 22.88 mg g~ ' at 100 mg L, respectively), which may

36474 | RSC Adv., 2018, 8, 36468-36476

be due to more functional groups grafted on CS. However, the
adsorption capacity of MCS exceeded the sugarcane bagasse®”
and rice husk.” The reason why our adsorption capacities were
less than other researchers® is that the dosage of adsorbent is
sufficient to adsorb the adsorbent completely, leading to the
incomplete utilization of many active sites, in which the aim is
to better compare and analyse the adsorption mechanisms of
nitrate and phosphate. Temkin equation suggested the pres-
ence of interactions between adsorbates during the process.
Therefore, the adsorption process is complexed during which
multiple mechanisms contributes to the removal of target
anions.

3.5 Adsorption thermodynamic parameters

Thermodynamics parameters shows the effect of temperature
on adsorption capacity, thus implies the spontaneity of the
process. Thermodynamic parameters within the temperature
range of 283.15-303.15 K were calculated and presented in
Table 6. Standard Gibbs free energy (AG®) were all negative and
decreased as temperature increased, suggesting that the
adsorption is spontaneous and favoures high temperature.
Phosphate adsorption has a lower AG® than nitrate, which

This journal is © The Royal Society of Chemistry 2018
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Table 4 Adsorption isotherm parameters: Langmuir, Freundlich and Temkin model
T (K) 283.15 293.15 303.15 313.15
Parameters N P N P N P N P

Langmuir gm (mg g™ 17.90 20.90 18.67 21.90 20.04 24.20 18.10 19.80
s 1.49 1.07 1.04 1.20 1.34 1.79 1.13 1.16
K (L mg_l) 0.12 0.67 0.13 0.59 0.11 0.54 0.10 0.69
s 0.03 0.11 0.02 0.10 0.02 0.11 0.02 0.14
R’ 0.956 0.971 0.981 0.972 0.977 0.966 0.978 0.963
AIC 0.29 1.69 6.44 1.78 4.61 4.30 6.88 3.07
D <<0.00001

Freundlich Ky 3.34 8.10 3.36 8.08 3.26 8.66 2.99 7.86
S 0.08 0.39 0.27 0.33 0.23 0.17 0.22 0.31
1/n 0.44 0.39 0.46 0.41 0.48 0.43 0.46 0.38
s 0.04 0.18 0.14 0.14 0.11 0.07 0.12 0.15
R? 0.999 0.978 0.983 0.986 0.988 0.997 0.987 0.984
AIC 31.32 0.59 7.77 4.05 10.20 16.11 11.43 4.74
p <<0.00001

Temkin ALg™ 3.18 10.35 1.81 10.11 1.80 14.06 1.67 11.35
s 1.19 2.00 0.36 2.15 0.41 4.52 0.37 1.92
B (mol K ]71) 2.91 3.94 3.62 4.03 3.74 3.93 3.37 3.68
s 0.32 0.24 0.25 0.27 0.30 0.38 0.26 0.19
R? 0.912 0.972 0.963 0.966 0.952 0.929 0.956 0.979
AIC 11.66 1.53 1.13 3.63 2.47 10.73 0.60 2.08
D <<0.00001

Table 5 Comparison of different adsorbents on nitrate and phosphate adsorption

Dosage Initial concentration ge of P ge of N Removal rate Removal rate

Species (gL™ (mg L™ (mgg™) (mgg™ of P (%) of N (%) Ref.

Corn stalks 2 100 22.88 13.61 — — 12

Sugarcane bagasse 30 30 0.33 — 99.27 — 27

Rice husk 4 100 — — — 94.3 19

Wheat straw 2 500 45.7 52.8 — — 28

Corn stalks 4 50 20.04 24.20 96.03 82.4 This paper

Table 6 Thermodynamic parameters for the nitrate and phosphate adsorption

Nitrate Phosphate
AG AH AS AG AH AS

T (K) In K, (kJ mol ™) (kJ mol™") (k] mol ' K) In K, (kJ mol™) (k] mol ™) (k] mol " K)

293.15 3.43 —8.07 6.62 0.0519 5.14 —-12.1 12.92 0.0884

303.15 3.52 —8.58 5.36 —13.05

313.15 3.61 -9.11 5.50 —13.86

corresponded to previous deduction that phosphate is easier to
be adsorbed. The positive standard enthalpy (AH°) indicates
that the process is endothermal, therefore high temperature
can promotes adsorption. This was confirmed by experimental
results within the temperature range of 283.15-303.15 K. Posi-
tive values of entropy change (AS°) indicated the increased
randomness of the solution interface during adsorption.*®
Experiment results showed that adsorption capacities
decreased as temperature reached 313.15 K. Similar downwards
trend was observed in previous research using modified pine
sawdust as temperature increased from 313.15 to 343.15 K.*

This journal is © The Royal Society of Chemistry 2018

Considering that adsorption is a complex process with various
mechanisms, the decrease at high temperature might be
attributed to partial desorption caused by excessive heat.
Besides, compared the absolute values of AG, AH and AS
between nitrate and phosphate, all the values of phosphate were
larger than nitrate, which indicated that phosphate can be
adsorbed easily than nitrate.

Adsorption kinetics, adsorption isotherms and adsorption
thermodynamics have been used to compare and analyse the
distinct adsorption capacity of nitrate and phosphate. All models
indicated that phosphate had better affinity than nitrate.

RSC Adv., 2018, 8, 36468-36476 | 36475
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4 Conclusions

In this study, MCS was prepared by grafting quaternary
ammonium groups through cross-link reaction from corn
stalks. The characteristics of MCS were evaluated by Zeta
potential, EA; SEM and FTIR. Results indicated that the MCS
had a potential adsorption capacity for anion removal due to the
presence of quandary-ammonium functional groups. The
adsorption properties of MCS investigated by dosage, pH, initial
concentration and competing anions indicated that MCS had
a higher adsorption capacity for phosphate over nitrate, which
was connected with larger atomic number and higher valence
for phosphate. Mechanism analysis including Kkinetics,
isotherm and thermodynamic were used to further reveal the
different affinity of MCS on nitrate and phosphate. Both nitrate
and phosphate adsorption fitted with pseudo-second-order
kinetics, Freundlich isotherms well, indicating the chemisorp-
tion and non-ideal multilayer adsorption on heterogeneous
sites for anions. Thermodynamic parameters indicated that
adsorption onto MCS was an endothermic process. Besides, the
values of models' parameters, especially for the rate constants,
were closely related to the effect of nitrate and phosphate
adsorption, thus confirmed that phosphate was easier to be
adsorbed than nitrate. Experimental results proved that MCS
can remove nitrate and phosphate effectively, adaptable to
various pH as well as temperatures, indicating MCS can be
effective to remove nitrate or phosphate from aqueous.
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