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Abstract: Herein, carbon-coated magnetic nanocomposite fabricated by a low-
temperature hydrothermal method was used for methylene blue and arsenate
treatment in aqueous solution. The Langmuir model fits the experimental data
with a calculated maximum adsorption capacity of 110.63 and 2.31 mg g'! for
methylene blue and arsenate adsorption, respectively. Furthermore, the adsorp-
tion mechanisms of methylene blue as well as arsenate are physical adsorption
and a combination of physical adsorption and chemisorption, respectively.
Gibbs energy change with negative values indicates that methylene blue and
arsenate adsorption on magnetic materials occurs naturally. This research
demonstrated a simple, efficient, and reliable method for removing methylene
blue and arsenate.
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INTRODUCTION

The rapid development of industries has posed many potentially serious
issues in relation to ecosystems such as heavy metal and dye contamination.!
Several technologies have been introduced for wastewater treatment, including
oxidation, photocatalytic degradation, ultrafiltration, adsorption/precipitation pro-
cess and coagulation.? Adsorption has been regarded as one of the most common
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and effective techniques for contaminant removal from wastewater.3 Recently,
carbon material derived from low-cost biomass residuals such as rice straw has
received a lot of attention due to its potential environmental benefits.# Moreover,
magnetic modifications of the low-cost adsorbents can result in novel adsorbents
that can be rapidly removed from the treated solution using a magnetic separ-
ator.”

Methylene blue (MB) is used in many fields, so a significant amount of MB
ends up in wastewater, posing a risk to aquatic life. In addition, due to its high
toxicity, arsenic can cause serious health problems such as lung, liver, kidney,
and skin cancers.o-11 As a result, it is critical to investigate efficient technologies
for extracting MB and As(V) from aqueous solutions.!2-16 Rice straw (RS) is an
inexpensive and abundant carbon-containing lignocellulose in Vietnam. In the
paper industry, biomass is usually pre-alkali-treated to remove lignin. As a result,
this process emits a large amount of black liquor containing lignin, which can be
utilized for carbon-containing materials.!”

In this study, we simultaneously carbonize and magnetize the lignin liquor
obtained from rice straw to synthesize carbon-coated magnetic nanocomposite
(CMC) by a hydrothermal method. The primary goal of this work is to study the
potential adsorption of low-cost CMC for MB and As(V) from wastewater. Aside
from that, another goal is to evaluate the effect of concentration, contact time,
temperature and pH solution. This work also discusses the Langmuir and Freund-
lich adsorption isotherm models, as well as various thermodynamic parameters
like change in heat of adsorption (AH°), entropy change (AS®) and Gibbs energy
change (AG°) in MB and As(V) adsorption.

EXPERIMENTAL
Materials

RS was collected in Vietnam and washed several times with distilled water before being
milled into powder and filtered through a 250-mesh sieve.

Potassium hydroxide (KOH, > 85 %), sodium hydroxide (NaOH, > 97 %), hydrochloric
acid (HCl, 37 %), iron(Ill) nitrate nonahydrate (Fe(NO3); 9H,0, > 99 %), sodium chloride
(NaCl, > 99.5 %), H3AsO, in HNO; 0.5 mol L' 1000 mg L' purchased from Merck. MB
(C1H1gN3SCI-H,0, 99.5 %), was obtained from Sigma—Aldrich. All chemicals used were of
analytical grade and were used as received without any further purification.

Synthesis of carbon-coated magnetic nanocomposite

Firstly, 15 g of RS was combined with 150 ml KOH 5 %. The mixture was hydrother-
mally treated in an autoclave at 120 °C for 4 h. After slowly mixing 50 ml of 0.125 mol
Fe(NO3); into 125 ml of the above-solution for 2 h, hydrothermal treatment was carried out at
180 °C for 14 h. The CMC is then collected by filtration and rinsed several times with distilled
water until the pH value reached neutral. Finally, the remaining solid was dried in an oven at
40 °C for 12 h. In comparison, a blank sample (BS) was fabricated under the same condition
but without the addition of Fe(NOj3);.
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Characterization of CMC

X-ray diffraction (XRD) was carried out ON X D8 Advance Bruker with CuK, radiation
(4 =0,15418 nm). The morphology was observed with S4800 Hitachi scanning electron mic-
roscope (SEM) and JEM1400 JEOL transmission electron microscopy (TEM). Energy-disper-
sive X-ray spectrum (EDS) was recorded on H7593 Horiba. The Fourier transform infrared
(FT-IR) spectroscopy was measured on IR Affinity-1S spectrophotometer (Shimadzu). The
specific surface area (BET) was determined by N, adsorption—desorption isotherms at liquid
nitrogen temperature (77 K) using Quantachrome TriStar 3000 V6.07A adsorption instru-
ments. Magnetization measurements were carried out using a vibrating sample magnetometer
(VSM) 7307, Lake Shore, USA. The UV-Vis spectrometry was recorded on Spectro UV-
-2650, Labomed, USA, at a wavelength of 664 nm. Residual As(V) was detected by Thermo
Scientific iCAP Q ICP-MS. The point of zero charge (pHpzc) of CMC was investigated by
the solid addition method.'® A series of 45 mL of 0.5 M NaCl solutions were prepared in 100
mL flasks. The initial pH value (pH;) of the solution was adjusted from 2 to 12 using either
0.1 M NaOH or 0.1 M HCI solutions. The total volume of solution in each flask was precisely
50 mL by adding distilled water. Then, 0.1 g of CMC was added to each flask and kept on
shaker at 180 rpm for 24 h. The final pH (pHy) of the solutions was recorded. The difference
between the initial and final pH (ApH = pH; — pHy) was plotted against pH;. The point of
intersection of the curve with the abscissa, where ApH = 0, presented pHpzc.

Adsorption experiment

Adsorption experiments were carried out using 0.1 g CMC in 100 mL of solution. Vari-
able parameters including initial concentration, contact time, temperature, and pH of the med-
ium were thoroughly investigated. The initial pH value of the solution was adjusted using
either 0.1 M NaOH or 0.1 M HCI solutions. All adsorption experiments were carried out in
duplicate. At predetermined time intervals, the adsorbent and solution were separated, and the
residual MB and As(V) concentrations in the solution were measured using UV—Vis and ICP—
—MS, respectively.

The removal rate, R / %, was calculated as:

R =100(Cy— Cp)/Cy €))
where Cy and C, are the initial and equilibrium concentrations of MB or As(V) solution. We
listed different kinetic models, thermodynamic equations, and adsorption isotherms in Table
S-I of the Supplementary material to this paper.

Non-linear chi-square test

Optimization is indispensable in order to identify the suitable kinetic and isotherm
models to the obtained experimental results. For the present study, apart from correlation
coefficient (R%), a non-linear regression model is chi-square test was performed for data
optimization process. The chi-square (y2) can be expressed as equation (2):

(Qe, exp e, cal )2

e cal
where g cxp is the experimental value of adsorption capacity and g, ¢ is the calculated value
from the model. If experimental data is analogous to that from the model, 3? will be small,
otherwise, it will be large.

r=z 2
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Reusability

0.1 g CMC was added to 100 mL of a solution (120 mg L-! for MB and 2.5 mg L! for
As(V) and stirred for 60 and 90 min, respectively, for saturated adsorption. Following the
magnetic separation, the supernatant solution was discarded, and only adsorbed CMC was col-
lected. The adsorbed CMC in the case of MB was then added to ethanol and a 0.1 M HCl
solution in the case of As(V) for the desorption process.!3:!4 The experiments were repeated 5
times in sequence to estimate the potentially regenerable property of CMC.

RESULTS AND DISCUSSION
Characterization of materials

As shown in Fig. 1a, regarding BS, the broad peak at 26 = 22° represented
the characteristic reflection of carbon.!® In CMC, the diffractions at 26 30.46,
35.86, 43.58, 57.25 and 62.65° correspond to crystalline magnetite Fe304
(JCPDS No. 19-0629), which agree with the literature data.20 This demonstrated
that Fe(IlI) is reduced into Fe3O4 by carbon, which is formed under hydrothermal
conditions by the reactions (3)—(6):2

FeCl; + 3KOH — Fe(OH);3 + 3KCl 3)
Fe(OH)3; — FeOOH + H,O 4)
2FeOOH — FeyO3 + HyO ®)]
2Fey03 + C — 2Fe304 + CO (6)

In Fig. 1b, FT-IR spectra revealed that both BS and CMC contained func-
tional groups at 3413-3422 cm~! (~OH stretching vibrations), 1627-1630 cm™!
(C=O0 stretching vibration), 1110-1114 cm~! (C-O stretching vibration), 799—
—818 cm~! and 450-474 cm! (Si—O-Si stretching vibration) and 1451-1456 cm™!
(~O—CHjy deformation vibration).1-18.20 In general, the intensity of all peaks in
CMC is lower than that of BS and has a slight shift, indicating that chemical
reactions occurred when Fe3" was added to the solution. The peak near 560 cm!,
assigned to the Fe—O stretching vibration, was only visible in CMC, which is
consistent with XRD result.12
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Fig. 1. a) XRD patterns of BS, CMC and standard Fe;O4 (JCPDS No. 19-0629); b) FT-IR
spectra of BS and CMC.
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According to Figs. S-1 and S-2 of the Supplementary material, CMC is made
up of C (19.21 %), O (34.38 %), Fe (42.24 %) and Si (4.16 %). In addition, EDS
elemental mapping also shows that Fe is uniformly dispersed on the surface of
the material, proving that iron oxide was formed in CMC. Fig. 2a and b depicts
typical TEM and SEM images of CMC containing Fe3O4 with sizes ranging from
50 to 120 nm and carbon as a shell with a thickness ranging from 30 to 50 nm. At
room temperature, Fig. S-3 shows the saturation magnetisation value of 33.7 emu
g1, which allows for the rapid separation and redistribution of CMC from aque-
ous solution and leads to cost-effective and reusable applications.2! Table S-II
compares the magnetization of CMC with various biochar.

Table S-1II displayed specific surface area, total pore volume, and mean pore
size for RS, BS, and CMC. The specific surface area of CMC (171.4 m2 g1) is
significantly greater than that of BS (6.6 m? g-!) thanks to the combination of
carbon and magnetic particles.22 Furthermore, the mean pore size of CMC (6
nm) is smaller than that of BS (33 nm), attributed to the covered micropores in
carbon.23

(a)

Fe;0, core

Carbon shell

200.0nM o 4800 10.0kV 7.8mm x30.0k SE(M)

Fig. 2. TEM (a) and SEM (b) images of CMC.

Effect of initial solution pH

The pH of the solution plays an important role in the adsorption process,
particularly in terms of adsorption capacity.2* Because of the changing surface of
CMC on MB and As(V), the pH value can alter its performance.25 Investigation
on the influence of initial pH solutions from 3 to 11 was carried out while keep-
ing other parameters constant such as initial concentration (120 and 2.5 mg L-1),
equilibrium time (60 and 90 min at 303 K) for MB and As(V), respectively. The
effect of pH on the adsorption of MB and As(V) on CMC is depicted in Fig. 3a
and b.

The adsorption capacity of MB increases from 3 to 7 and changes slightly
when solution pH exceeds 7. When pH < pHpzc, the surface charge is positive,
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and when pH > pHpzc, the surface charge is negative. The pHpzc of CMC is
approximately 6.32 (Fig. S-4).

120 @)

2.5+

2.0 4

0.5+

0.0~
pH
Fig. 3. Influence of pH value on the adsorption of: a) MB and b) As(V).

At low pH, low adsorption capacity resulted from electrostatic repulsion
between the cationic ion MB and positively charged active sites on CMC. Elec-
trostatic attraction occurs between negatively active sites on CMC and the cat-
ionic ion MB at higher pH levels, facilitating adsorption capacity. Arsenic acid
exists in anionic forms (HpAsO4~, HAsO42~, AsO437).26 Moreover, CMC with
positively charged active sites can attract arsenate ions, increasing adsorption
capacity from 84.12 to 86.6 %. In contrast, at pH ranging 7 to 11, CMC with
negatively charged active sites inhibited As(V) adsorption due to OH™ competing
with arsenates, resulting in a decrease in yield to 83.54 %.27 Hence, the initial pH
solution for the following experiments is 7.

Adsorption thermodynamics

A linear van’t Hoff plot (Fig. 4a and b) of In Kp versus 1/T gives slope and
intercept to determine the value of AH° and AS°, respectively. The calculated
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thermodynamic parameters for MB and As(V) adsorption onto CMC are sum-
marized in Table I at different temperatures. As temperature rises, the value of
AG° becomes more negative, resulting in more spontaneous adsorption with high
affinity of MB and As(V) to CMC. The value of AH® for absolute physical ads-
orption is typically less than 20 kJ mol~!, whereas chemisorption is in the range
of 80 to 200 kJ mol1.28.29

AH° of MB on CMC is 15.06 kJ mol~! indicates physical adsorption while
the value of AH° (22.32 kJ mol~!) for As(V) on CMC should be regarded as a
mixture of physical adsorption and chemisorption, but dominated by physical
adsorption, since the AH° was a slightly higher than 20 kJ mol-!. With positive
values of AS°, there is an affinity adsorbent for adsorbate.

(a) 254 (b)
2.54
244 ®
24 ¥ = 18526 x + 194637 23 T
= R?=0.9985 o s o —
S 2771
< 23 <21 .
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21 T T T T T T T T T T
0.00310  0.00315 0.00320 0.00325  0.00330 0.00310 0.00315 0.00320 0.00325 0.00330
71k 71 1k1

Fig. 4. The plot of In Ky vs. 1/T for: a) MB and b) As(V) adsorption onto CMC.

TABLE I. Thermodynamic parameters for adsorption of adsorbates onto CMC
Adsorbate Temperature, K~ AS®/Jmol''K-l  AH°/kImol!  AG®/kJ mol!

MB 303 67.41 15.06 -5.38
313 —6.01
323 —6.73
As 303 89.10 22.32 —4.70
313 -5.51
323 —6.49

Effect of contact time and adsorption kinetics

For both MB and As(V), contact intervals of 0 to 105 min and 0 to 120 min
are used to evaluate the adsorption process as a function of contact time, res-
pectively. The adsorption of MB and As(V) occurs in three stages. Firstly, the
adsorption rate for MB increases significantly in 10 and 30 min for As(V). The
reason for this is that at the start, many vacant sites are available for adsorption.
Then, it will gradually rise until it reaches the equilibrium value of 30 min for
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MB and 75 min for As(V) (Fig. 5a and b), resulting from the fewer vacant sites
and repulsive forces between the occupied sites and bulk phases.

601 4L m 80 mgL' e 100mgl' A 120mgL’ : / m 15mgl’ e 20mgL’' A 25mglL’
v 140mglL’ & 160mgL’ 104 |® v 30mgL"' & 35mglL’
501 —— Pseudo-first order fit . ! Pseudo-first order fit
----- Pseudo-second order fit ] -----Pseudo-second order fit

40 0.8

. . . : . . . . T T T T T T T T T

0 15 30 45 60 75 90 105 0 15 30 45 60 75 90 105 120

7/ min 7/ min

Fig. 5. Kinetic modeling for adsorption of: a) MB and b) As(V) onto CMC.

Therefore, we determined that the adsorption time for the next experiment
will be 60 min for MB and 90 min for As(V). Adsorption of MB on the surface
of CMC is physical, whereas adsorption of As(V) is both physical and chemical
process, resulting in As(V) adsorption being slower than that of MB.30.31

To investigate the experimental data, different kinetic models including
pseudo-first-order and pseudo-second-order were used to understand the adsorp-
tion process. The kinetic parameters, correlation coefficient (R2) and non-linear
chi-square (y2) were listed in Table II.

TABLE II. Kinetic parameters for adsorption of a) MB; b) As(V) onto CMC at 303 K

C First-order kinetic model Second-order kinetic model
Adsorbate mg i-l e exp kl Ge,cal R2 XZ k2 qe,cal R2 XZ
mgg! min! mgg’! gmg ! min'! mg g!
MB 80  79.74 0.3357 76.94 0.864 3.043 0.0071 80.87 0.987 0.274

100 98.03 0.2972 94.56 0.875 4.403 0.0050 99.72 0.986 0.459
120 108.35 0.2870 104.55 0.900 3.950  0.0042 110.51 0.994 0.207
140 110.91 0.2830 106.58 0.899 4.120  0.0041 112.78 0.995 0.193
160 112.57 0.2796 107.75 0.893 4.473 0.0039 114.12 0.994 0.244
As(V) 1.5 1482 0.3325 1.442 0.867 0.059  0.3774 1.507 0.987 0.006
2.0 1.929 0.3084 1.880 0.915 0.053 0.2608 1.971 0.998 0.001
2.5 2179 0.2784 2.119 0.902 0.089  0.2049 2.227 0.993 0.006
3.0 2257 0.2752 2.189 0.888 0.104  0.1961 2.302 0.991 0.009
3.5 2312 0.2713 2.239 0.886 0.108 0.1855 2.362 0.989 0.010

The calculated ge values (ge cal) of both models are comparable to the exp-
erimental ones (geexp). However, the R? of the pseudo-second-order kinetic
model (approximately 0.99 for R?) is significantly higher than that of pseudo-
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-first-order kinetic model (approximately 0.90 for R2), conversely, (y2) of the
pseudo-second-order kinetic model is significantly lower than that of pseudo-
first-order kinetic model, implying that the pseudo-second-order kinetic model is
better for adsorption kinetics of MB and As(V) onto CMC.

Effect of initial concentration and adsorption isotherms

Fig. 6a and b indicated that the adsorption capacity of MB and As(V) onto
CMC significantly increases with increasing ranges of 80 to 120 mg L~! and 1.5
to 2.5 mg L1, respectively. When the concentrations of MB and As(V) exceed
120 and 2.5 mg L1, the adsorption capacity increases insignificantly and reaches
a maximum of 110.63 mg L-! (Cp =160 mg L-1) and 2.312 mg L-! (Cyp = 3.5 mg
L-1), respectively. We can assume three main reasons to explain this phenom-
enon: 1) a large number of available active sites are used at higher concentrations
of MB and As(V), 2) improved mass transfer and 3) the increased ability of MB
and As(V) to collide with CMC.

1154 E (a) 4100 244 . (b) -100
1o T ﬁ/’{ B ]
§/ /i/
1051 22+ & Jisi
490 _
- ; °
o 100 ; = 3 20 i
g o z E «
= —_— = 480
= 90 80 = 1.8 -y
85 1.6
{70
80+ é 170 i
754 1.4 4
80 100 120 140 160 15 2.0 25 3.0 35
Co/mg L° C,/mgL"

Fig. 6. Effect of initial concentration on adsorption capacity and removal efficiency of
a) MB and b) As(V) onto CMC.

Furthermore, as the initial concentration increases from 80 to 160 mg L-!
and from 1.5 to 3.5 mg L1, the removal of MB and As(V) decreases from 98.79
to 69.14 % and from 98.60 to 65.97 %, respectively. When using higher con-
centrations of adsorbates with the same weight of CMC, the percentage removal
of MB and As(V) is reduced because the number of active sites on CMC remains
constant.

The Langmuir and Freundlich equations are the most used isotherms equat-
ion for modelling the adsorption data. The R? obtained from Langmuir model is
significantly higher than that obtained from Freundlich model, indicating that the
Langmuir isotherm better fits the experimental data (Fig. 7a and b, Table III).
Table S-IV compares the adsorption capacity of CMC with various adsorbents.
The previously reported capacity of MB and As(V) onto CMC is greater than that
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of many other previously reported adsorbents, implying that the as-prepared
CMC has a high potential for use in wastewater treatment. A high K1 value indi-
cates the high affinity of adsorbent for MB and As(V) adsorption.32:33 The Ry
values in the range of 0 and 1 indicate favourable adsorption.

715 (@) ®)

110
105 4

~_ 100 +

o
o))
£ 954
o 90
m  Experimental value .
85 P meeee Langmuir fit 1.6 4 ' _:__ E:E;;Tier?tal value
804 é —— Freundlich fit _!; Freundlich fit
754 1.4
T T T T T T T T T T T T T
0 10 20 130 40 50 0.0 0.2 04 0.6 0.8 1.0 1.2
C,/mglL C./mgL"

Fig. 7. Analyses of adsorption isotherm for: a) MB and b) As(V) onto CMC by Langmuir and
Freundlich models at 303 K.

TABLE III. Isotherm parameters for adsorption of MB and As(V) onto CMC at different
concentration

Langmuir isotherm model Freundlich isotherm model
Adsorbate 1o g Ky 2 0 Ky 2 2
"8 mggtLmg! MK mggimge P M7
MB 110.63 110.64 2.518 0.003 0.996 0.027 84.138 12.546 0.884 24.427
As(V) 231 2285 81.919 0.003 0.985 0.003 2.325 10.950 0.904 0.608

Reusability

CMC regeneration and recycling are critical for practical application. As
shown in Fig. 8a and b, after five cycles, there is only a very slight decrease in

1 2 3 4 5 1 2 3 4 5
Number of cycles Number of cycles

Fig. 8. Regeneration for: a) MB and b) As(V) adsorption onto CMC.
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removal from 107.32 to 98.73 mg g1 for MB and from 2.165 to 1.992 mg g!
for As(V), indicating that CMC has excellent performance and application for
MB and As (V) treatment.

CONCLUSION

CMC was prepared in a straightforward and efficient manner. They also
have a fast adsorption rate, high adsorption efficiency, and fast magnetic separ-
ation from treated water, making them excellent materials for environmentally
friendly water treatment. The maximum adsorption is 110.63 mg g~ for MB and
231 mg g' for As(V). The kinetics of adsorption can be described using a
pseudo-second-order equation, and the CMC adsorption isotherm agreed well
with the Langmuir sorption equation. Furthermore, through the desorption pro-
cess the product could be regenerated and reused multiple times.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12026, or from the corres-
ponding author on request.

U3BOL
KAPAKTEPU3ALIMJA MATHETHOI HAHOKOMIIO3UTA ITPEBYYEHOT YITJBEHHUKOM 3A
YKITAIALE METHUJIIEHCKOT ITJNTABOT' U APCEHATA U3 BOOEHOI' PACTBOPA

NGOC BICH NGUYEN"? THI QUE PHUONG PHAN®, CAO THANH TUNG PHAM"*, HUU NGHI NGUYEN?,
SY NGUYEN PHAM® u DINH THANH NGUYEN"?

'Graduate University of Science and Technology, Viet Nam Academy of Science and Technology, Hanoi City,
100000, Vietnam, “Dong Thap University, Cao Lanh City, 870000, Vietnam, *Institute of Applied Materials
Science, Viet Nam Academy of Science and Technology, Ho Chi Minh City, 700000, Vietnam, *Institute of
Chemical Technology, Viet Nam Academy of Science and Technology, Ho Chi Minh City, 700000, Vietnam u
°Ho Chi Minh City University of Natural Resources and Environment, Vietnam

MarseTHM HaHOKOMIIO3UT NPEBYYEH YIJbEHUKOM ITPOM3BEMIEH HUCKO-TEMIEPATyPCKOM
XUAPOTEPMATHOM METOLOM je YIOTped/beH 3a YKIambamhe METWIEHCKOT IIaBOT U apceHara U3
BOZIEHOT pacTBopa. JIJaHTMUPOB MOfeEN je JoOpO OMUCcao eKCIIEPUMEHTANIHE NoJaTKe ca U3pa-
YYHaTUM MaKCHMAaJlHUM afCcOpNUHAOHOM KamauuteTom of 110,63 u 2,31 mg g’1 38 METHJIEH-
CKO TUIaBO W apceHart, penoM. Takohe, ompeheHu afCOPNIIMOHH MeXaHHU3aMH Cy QHU3HUCOPI-
I¥ja 3a METUIEHCKO N7IaBO U koMOMHaNMja pU3NCOpILLje U XeMUcopIyje 3a apceHar. [1po-
meHa ['mbcose eHepruje MMa HeraTMBHE BPEJHOCTH IUTO yKasdyje Ha TO fAa CE€ afcophnuuja
METHJIEHCKO TUIaBOT U apCeHaTa Ha MarHeTHUM MaTepHdjanuma Aelasa CrioHTaHo. OBO UCTpa-
)KUBame IO0Kasyje jefHOCTaBHY, eHUKacCHy M ITOy3ZaHy METOIY 3a yK/Iamame METHIEHCKO
IJIaBOT U apCeHara.

(ITpumsbeHo 2. aBrycra, peBUAMpaHo 5. okrodpa, npuxsaheno 3. Hopembpa 2022)
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