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Abstract

This study focused on utilization of Leucaena leucocephala seeds’ extract and iron oxide nanoparticles (IONPs) under mag-
netic field to provide effective coagulation process. Leucaena seeds’ extract was obtained using 3 M NaCl solution as solvent
at feed-to-solvent mass ratio of 1:20. IONPs were synthesized using co-precipitation method. The obtained IONPs were ana-
lyzed using scanning electron microscopy, X-ray diffraction and transmission electron microscopy. Based on analysis results,
the obtained IONPs were the agglomerate of Fe;O, phase with average particle diameter of 14.6 nm. The extract and IONPs
were used as natural coagulant at various pHs (3—12), coagulant dosages (4—40 mL extract/L), and IONPs concentrations
(0.5-3 mg/mL extract) under external magnetic field. It was obtained that pH 3 was the best pH because positively charged
Leucaena protein at pH 3 acts to neutralize negatively charged Congo red molecules. The highest removal was obtained
at coagulant dosage of 20 mL/L, and further increase in dosage was decreasing the removal due to colloid re-stabilization
effect. The variation of IONPs concentration did not give any effect on the %removal and sludge volume. However, further
investigation using pseudo-second-order kinetic model showed that the increase in IONPs concentration gave increase to the
kinetic constant, signifying faster settling kinetics. The best condition was obtained at pH 3, coagulant dosage 20 mL/L, and
IONPs concentration of 3 mg/mL extract that gave 90% Congo red removal, 30 mL/L sludge volume, and 30 min settling time.

Keywords Congo red - Iron oxide nanoparticles - Leucaena leucocephala - Magnetically assisted coagulation - Natural
coagulant

Introduction

Nowadays, dye-containing wastewater becomes a serious
environmental issue as it could cause problems to envi-
ronment and human health. Various wastewater treatment
techniques have been explored, namely adsorption using
biomass-based adsorbents (Albadarin et al. 2017; Daneshvar
et al. 2017; Naushad et al. 2016b; Sharma et al. 2015, 2018),
nanocomposite materials (Algadami et al. 2016, 2017, 2018;
Tatarchuk et al. 2019), and other materials (Mironyuk et al.
2019; Naushad et al. 2016a); photodegradation (Naushad
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et al. 2019; Sharma et al. 2018); membrane separation (Das-
gupta et al. 2015); and advanced oxidation processes (AOPs)
(Hudaya et al. 2017). Although the previously mentioned
techniques have advantages to treat dye-containing waste-
water, coagulation and flocculation are still commonly used
method to treat water and wastewater (Meric et al. 2005).
Generally, coagulants could be categorized as chemical
and natural coagulants. Furthermore, chemical coagulants
could be classified as hydrolyzing metallic salts, pre-hydro-
lyzing metallic salts, and synthetic cationic polymers (Frei-
tas et al. 2018). Although chemical coagulants are widely
used, there are some downsides of their utilization. Metallic
salts are known to produce high-volume residual sludge with
possible environmental impact, potential neurotoxic diseases
(dementia, Alzheimer’s) on human health, and changes of
treated water’s pH (Choy et al. 2015; Yin 2010). Synthetic
cationic polymers that were meant to replace metallic
salts also have their drawback. These come from its toxic
derivatives that come from unreacted monomers, unreacted
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chemicals from the production of synthetic polymers, and
reaction of synthetic polymers and water (Oladoja 2015).

In recent years, many researchers have explored utiliza-
tion of natural coagulant from plant and non-plant resources.
Several plant-based coagulants such as Moringa oleifera
(Baptista et al. 2017), Moringa stenopetala (Dalvand et al.
2016a), Jatropha curcas (Abidin et al. 2017), Plantago
major (Ramavandi 2014), Carica papaya (Kristianto et al.
2018a), and orange (Kebaili et al. 2018) have been explored.
Some non-plant-based coagulants are also used, namely fish
scales (Musa et al. 2015), chitosan (Meraz et al. 2016), and
algal alginate (Vijayaraghavan and Shanthakumar 2016).
These natural resources could provide alternative solution
to treat water and wastewater with similar effectiveness to
chemical coagulants.

Leucaena leucocephala, also known as leucaena, white
popinac, or lamtoro gung (in Indonesian), is a tropical tree
that easily found in Indonesia. Utilization of leucaena is
relatively limited, mainly as food source and forage (Evi-
tayani et al. 2004). Leucaena seeds is known to have high
protein content (approximately 50%w dry basis) (Sethi and
Kulkarni 1994), and most of the proteins are globulin frac-
tion, which is soluble in saline water (Sethi and Kulkarni
1993). In our previous works, we have utilized leucaena as
natural coagulant to treat turbidity and color in synthetic
wastewater (Kristianto et al. 2018b, 2019). Leucaena seeds’
extract gave comparable performance to commercial alum
with 50% lower sludge volume. However, long settling time
is still needed (> 1 h) to separate flocs and treated water. This
long residence time results in bigger size of settling tanks,
leading to higher capital cost. Some efforts are needed to
make this process more effective in shorter time.

Iron oxide nanoparticles (IONPs) have gained a lot of
interest in these recent years. Various applications have
been explored, such as heavy metal and organic substance
adsorption from water, photocatalyst, and support in waste-
water treatment using immobilization techniques (Lofrano
et al. 2016; Xu et al. 2012). There are some advantages and
unique characteristic of IONPs such as relatively cheap
price, low toxicity, long shelf life, and biocompatible (Lau-
rent et al. 2008). Its biocompatibility property is making
possible interaction of IONPs with various functional groups
in organic substances, such as carboxylic acid, phosphonic
acid, dopamine, trimethoxy silane, cysteine, and amine (Dias
etal. 2011).

Using this property, IONPs could be utilized together
with protein as natural coagulant. Previously, several
researchers have explored the utilization of Fe;0,, a and
y-Fe,0; for this application. Okoli et al. (2012) have used
purified moringa (Moringa oleifera) extract to function-
alize mixture of Fe;O, and y-Fe,O; nanoparticles. The
IONPs-moringa combination in this study gave 80% tur-
bidity removal, which was higher when compared to only
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moringa extract (70%) and IONPs (40%) were used inde-
pendently, with faster removal (12 min), compared to gravity
settling (240 min) (Okoli et al. 2012). Santos et al. (2016)
observed the effect of oleic acid on the coating of y-Fe,0;
IONPs. It was found that the presence of oleic acid coating
decreased the coagulation performance, and furthermore,
increased the organic demand in the treated water. The best
result was obtained in the presence of IONPs under magnetic
fields, with 90% of removal 10 mg/L. IONPs concentration
and 400 mg/L extract at 30 min of settling (Santos et al.
2016). Santos et al. (2018a) utilized a-Fe,O; nanoparticles
and moringa extract to treat textile wastewater. From this
study, it was confirmed that iron oxide nanoparticles-natural
coagulant combination could give comparable coagulation
performance with natural coagulant only at shorter settling
time (Santos et al. 2018a). Similar result was also obtained
by Mateus et al. (2018b) who used Fe;O, nanoparticles with
moringa extract to treat tartrazine-containing water (Mateus
et al. 2018b).

In this study, we combined IONPs and extract of leucaena
seeds to treat synthetic Congo red wastewater. To the best of
authors’” knowledge, the combination of IONPs and leucaena
seed extract in magnetically assisted coagulation process has
never been used before. IONPs were synthesized using basic
co-precipitation method. This method is known to have some
advantages, such as simple preparation method, fast reaction,
high yield, and ease in scale-up (Wu et al. 2008, 2015). The
obtained IONPs would be used in coagulation process with
crude extract of leucaena. The effect of pH, coagulant dos-
age, and IONPs concentration on the removal of Congo red
was observed. This research was carried out at Laboratory
of Water and Waste Treatment Technology, Department of
Chemical Engineering, Parahyangan Catholic University,
from January to August 2019.

Materials and methods
Synthesis of IONPs and characterization

The IONPs were synthesized using co-precipitation method
at room temperature and atmosphere, based on previous
researchers (Khalil 2015; Rashad et al. 2012; Mateus et al.
2018a). To summarize, FeSO, and Fe(NO;);-9H,0 with
molar ratio of 1:2 were dissolved in 10 mL distilled water.
1.2 g NaOH was dissolved in 2 mL distilled water and then
added dropwise to the iron solution. The mixture was agi-
tated for 15 min. The obtained black precipitate was sepa-
rated using magnet, then repeatedly washed using demineral-
ized water and ethanol, and oven-dried at 50 °C for 4 h. The
IONPs were characterized using scanning electron micro-
scope—energy-dispersive X-ray spectroscopy (SEM-EDS)
Hitachi SU3500, transmission electron microscope (TEM)
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Hitachi HT7700, and X-ray diffraction Bruker D8 Advance.
The crystallite size (d) was estimated from XRD spectra
using Scherrer Eq. (1), where K is Scherrer constant (0.9), 1
is the wavelength, f is the full width at half maximum peak
(FWHM), and @ is the Bragg angle.

_ K-
_ﬁ-COSO 1

Leucaena seeds’ extract preparation

The leucaena seeds’ crude extract was prepared following
our previous experiment (Kristianto et al. 2019). To sum-
marize, 5 g leucaena seeds’” kernel powder was mixed with
100 mL 3 M NacCl solution and mixed for 30 min. The
extract was separated from the solids by means of centrifu-
gation (5000 rpm, 10 min) and filtration, and used as natural
coagulant without further treatment. The extract was freshly
made before every experiment to prevent degradation of
active coagulating agent due to storage.

Jar test experiment

Congo red was used as a model substance in this coagula-
tion study. Congo red solution with the initial concentration
of 50 ppm was mixed with the IONPs—extract coagulant.
The mixture pH was adjusted prior to coagulation using 0.1
HCI or NaOH. The coagulant preparation was done by mix-
ing various amounts of IONPs into 20 mL leucaena seeds’
extract. The mixture was sonicated for 5 min in a sonicator
bath and agitated for 1 h. The mixture of Congo red solu-
tion and coagulant was rapidly mixed at 200 rpm for 3 min,
followed by slow mixing at 60 rpm for 30 min. The settling
was done with the presence of external magnetic field, which
was provided by array of neodymium magnets for 1 h. The
sample was taken every 5 min until 1 h to observe the effect
of magnetic field on the settling process. The %removal was
calculated using Eq. 2, where C; and C; are the initial and
the final Congo red concentrations (ppm), measured using
spectrophotometer visible (General Scientific UV 1800 PC)
at maximum wavelength of 570 nm. The sludge volume (mL

sludge/L)) was measured using Imhoff cone after 1 h settling
without magnet, which was calculated using Eq. 3. Variation
of variables that were studied is presented in Table 1.

C
IC L x 100% )

i

%removal =

V sludge (mL)
sludge volume = —— 3)
V waste water(L)

The evaluation of the removal kinetics was done by using
pseudo-first- and pseudo-second-order adsorption kinetics,
calculated using Eqs. 4 and 5, respectively. The k; (1/min)
and k, (g min/mg) are the pseudo-first- and pseudo-second-
order kinetic rate constants, and ¢, and g, are the amount
of Congo red adsorbed (mg/g) as a function of time and at
equilibrium, respectively. The ¢ value was calculated using
Eq. 6, where C; (mg/L) is the initial concentration, C, (mg/L)
is the concentration as a function of time, V (L) is the vol-
ume of wastewater, and m is the coagulant dosage (g).

In (g, —q,) =In(q,) — ki 4)

L_t, 1

4 9. kq? )
C.—C,)xV

g= % (6)

Results and discussions
Characterization of IONPs

The morphology of IONPs was observed using SEM and
is presented in Fig. 1a. It could be observed that the IONPs
obtained were in the form of spherical iron nanoparticles
agglomerate. The EDS spectra (Fig. 1b) showed high purity
of IONPs with 72.67%w Fe and 27.33%w O, omitting the C
peak that came from the carbon tape used in the SEM-EDS

Table 1 Variation of pH,

Study Variables
coagulant dosage, and IONPs
concentration in this study pH Coagulant dosage IONPs concentra-
(mL extract/L waste tion (mg IONPs/mL
water) extract)
pH effect 3,4,6,8,10, 12 20 2
Coagulant dosage effect Best pH 4,8,12, 16, 20, 24, 2
28, 32, 36, 40
IONPs concentration effect Best pH Best dosage 0.5,1,15,2,25,3
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Fig. 1 Morphology of IONPs at magnification of 50,000x (a), EDS
spectra of IONPs (e)

analysis. This showed a typical Fe;0, composition that has
been reported by previous researchers (Mateus et al. 2018b;
Hariani et al. 2013). Furthermore, from the TEM image
(Fig. 1b), it could be observed that the IONPs had diameter
size 9-30 nm following normal distribution (Fig. 1c), with
average of 14.6 nm. XRD spectrum of IONPs is presented
in Fig. 1d. It could be observed that the IONPs sample
exhibited 20 peaks and its Miller index as follows: 30.19°
(220), 36° (311), 43.23° (400), 53.61° (422), 57.19° (511),

* @ Springer

analysis (b), TEM image (c) and its diameter distribution (d), and XRD

and 62.77° (440) (Iida et al. 2007; Loh et al. 2008), which
are commonly found in magnetite (Fe;0,) nanoparticles. In
addition, the particle diameter was calculated using Scherrer
equation from the XRD spectra indicated with an approxi-
mate diameter of 12.6 nm. This result is in good agreement
with average diameter measured from TEM image.
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Fig. 2 Profile of %removal and sludge volume at variation of pH

Effect of pH on coagulation

The effect of pH on the %removal and sludge volume is pre-
sented in Fig. 2. It could be observed that coagulation at pH
3 exhibited the highest %removal, while further increase in
pH decreased the %removal. Similar trend was also observed
for generated sludge volume. The same trend was obtained
when only leucaena seeds’ extract was used as coagulant
(KTristianto et al. 2019). From this observation, it was clear
that the coagulation process was pH-sensitive, and the pres-
ence of IONPs did not alter the best pH for coagulation.
Thus, it could be concluded that the protein in leucaena
seeds’ extract was the active coagulating agent. It is known
that protein molecule is amphoteric that has positive charge
at pH lower than its pI and negative charge at pH higher than
its pI value. It is also known that Congo red is an acidic dye
with isoelectric point around 3, thus resulting in negatively
charged molecule at pH 3.0 and above (Tie et al. 2015).
Based on these facts, it could be predicted that adsorp-
tion—charge neutralization was the possible mechanism in
this study.

Effect of coagulant dosage

The effect of coagulant dosage on the %removal and sludge
volume is presented in Fig. 3. It could be observed that at
low dosage, low %removal was obtained, as there were not
enough active coagulating agents to neutralize the Congo
red. With the increase in coagulant dosage, the %removal
was also increased; the highest %removal was obtained at
dosage of 20 mL/L. Further increase in coagulant dosage
resulted in the decrease in %removal. This phenomenon
could happen due to the presence of excessive active coag-
ulating agent that resulted in colloid re-stabilization. The
active coagulating agent could be adsorbed on previously
neutral flocs, thus leading to charge reversal and result-
ing in electrostatic repulsion between flocs (Choy et al.
2015). The sludge volume trend was also increased with the
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Fig.3 Profile of %removal and sludge volume at variation of coagu-
lant dosage

increase in %removal. The volume was still increasing until
30 mL/L coagulant dosage, regardless of the slight decrease
in %removal. As stated before, at excessive coagulant dos-
age condition, the flocs became re-stabilized, thus hindering
the formation of agglomerates. This condition could result
in smaller floc size; thus, the sludge became more porous
and increasing the sludge volume (Kristianto et al. 2019).
Further addition of coagulant decreases the sludge volume,
as the % removal was also decreased.

Effect of IONPs concentration

The effect of IONPs concentration on the coagulation per-
formance is presented in Fig. 4. It could be observed that
variation of IONPs concentration from 0.5 to 3.0 mg/mL
extract did not give any effect to the %removal and sludge
volume generated, compared to coagulation without the
presence of IONPs (0 mg/mL extract). This was possible
because the active coagulating agent was the protein in leu-
caena extract, while the IONPs did not contribute to the
coagulation process. This statement was confirmed by doing
similar experiment using only IONPs (Fig. 5), where IONPs
did not give any contribution to the removal of Congo red.
Further observation of the sludge using light microscope
(inset in Fig. 4) confirmed that the sludge that was obtained
from IONPs—leucaena extract and leucaena extract only had
similar structure and floc size.

The kinetics of Congo red’s removal (Fig. 5) was further
investigated by using pseudo-first- and pseudo-second-order
adsorption kinetics. It is generally known that one of the
commonest natural coagulant mechanisms is adsorption fol-
lowed by charge neutralization, prior to floc formation and
settling. Furthermore, according to Beltran-Heredia et al.
(2012) the adsorption stage is the rate determining step;
thus, the whole process could be modeled using adsorp-
tion equations. The parameters of adsorption kinetics are

=
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Table 2 Parameters of
adsorption kinetics
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Fig.6 Fitting for experimental and pseudo-first- and pseudo-second-
order model data (pH 3, coagulant dosage 20 mL/L, and IONPs con-
centration 3.0 mg/mL extract)

IONPs concentration
(mg/mL extract)

Pseudo-first order

Pseudo-second order

2

g (mg/g)  ky (Umin)  R? q.(mg/g)  k,(gmin/mg) R
0 55.1823 0.0948 0.8785  49.019 0.001923 0.9996
0.5 1570001 0.078302  0.8917  46.2963 0.003293 1
1.0 2841188 0087744 09261  46.72897  0.009785 0.9991
15 2066332 0.083369 09345 4651163  0.009208 0.9998
2.0 17.55497  0.088666  0.8697  46.08295  0.015696 0.9999
25 1496925  0.074157 09035  46.08295  0.012624 0.9999
3.0 1656533 0.133804  0.89 4545455  0.024948 0.9998
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presented in Table 2. It could be observed that pseudo-sec-
ond-order kinetics was suitable kinetic model for this study,
shown by high R? value. The suitability of this model, com-
pared to pseudo-first-order kinetics, is also shown in Fig. 6.
Similar results were also obtained by previous researchers
(Mateus et al. 2018b; Dalvand et al. 2016b). Suitability to
the pseudo-second-order kinetics implies chemisorption
occurred between the active coagulating agent and colloid.
This was possible through the presence of positive sites in
the protein and negative functional groups on the Congo
red molecules, interacting via hydrogen or dipole—dipole
bonding (Jadhav and Mahajan 2014). The illustration of
this mechanism is presented in Fig. 7. The interaction of
charge neutralization between proteins could be seen as the

Z;

o
m\O
o

ON
(0] Congo red
iI H,oN
N

positive active coagulating agent with negatively charged
Congo red molecules. Furthermore, there are interactions
between protein and the IONPs that could make faster set-
tling kinetic possible.

Based on the kinetics of %removal, presented in Fig. 5,
and the kinetic parameter in Table 2, it could be observed
that the increase in IONPs concentration could increase the
formation of flocs, thus increasing %removal within shorter
time. With the increase in IONPs concentration, the faster
the floc formation, the higher the %removal was observed
at 5 min. After 10 min, the increase became less significant
(less than 10%) and constant after 30 min of settling, where
the coagulation with only leucaena seeds’ extract needed
60 min to reach same %removal. Similar result was also

Table 3 Comparison of the previous study using magnetically assisted natural coagulant—IONPs coagulation

Natural coagulant Wastewater pH Coagulant dosage IONPs Result References
Leucaena leucocephala  Congo red (50 ppm) 3 20 mL/L Fe;0, 90% color removal This study
(extraction NaCl 3 M, 3 mg/mL extract 30 min
5 g/100 mL)
Moringa oleifera Tartrazine (50 ppm) 3 66 mL/L Fe;0, 70.16% color removal ~ Mateus et al. (2018b)
(extraction NaCl 1 M, 1 mg/mL extract 10 min
1 g/100 mL)
Moringa oleifera Pirapo River water (80 n/a 40 mL/L y-Fe, 05 94% turbidity removal ~ Santos et al. (2018b)
(extraction NaCl 1 M, NTU) 1 mg/mL 30 min
1 g/100 mL)
Moringa oleifera Pirapo River water (143 7.12 66 mL/L Fe;0, 96.8% turbidity removal Mateus et al. (2018a)

(extraction NaCl 1 M, NTU)
0.02 g/100 mL)
Moringa oleifera Textile wastewater 3.27 66 mL/L

(extraction NaCl 1 M,
0.04 g/100 mL)

(707.3 mg Pt—Co/L)

1 mg/mL extract 30 min

a-Fe,05 92.37% apparent color ~ Santos et al. (2018a)
1 mg/mL removal
10 min

(]
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shown by the kinetic constants, which increased along with
addition of IONPs.

Comparison of our experimental result to that of the pre-
vious study is presented in Table 3. It could be seen that
the result obtained in this study is comparable in terms of
removal and settling time. Further study of coagulation con-
dition optimization, IONPs reusability, and protein purifica-
tion using IONPs could be explored.

Conclusion

In this study, combination of leucaena seeds’ extract and
IONPs has been utilized to treat Congo red synthetic
wastewater. The IONPs were synthesized using co-
precipitation of Fe*™ and Fe®* at basic pH solution and
atmospheric condition, resulting in the agglomeration of
spherical Fe;0, nanoparticles of with average diameter of
14.6 nm. The best pH of coagulation was found to be at
pH 3, regardless of the presence of IONPs; thus, it could
be concluded that charge neutralization was the coagu-
lant mechanism, and IONPs did not affect the coagulant
mechanism. The highest removal was found at leucaena
extract dosage of 20 mL/L, and further increase in dosage
decreases the removal due to floc re-stabilization. At vari-
ation of IONPs concentration, it could be observed that
the removal and sludge volume were similar to coagu-
lation without IONPs. Further investigation of settling
kinetics showed that the increase in IONPs concentration
gave shorter settling time. In addition, the settling kinetics
was well fitted to pseudo-second-order kinetics. The best
coagulation condition was found to be at pH 3, coagulant
dosage 20 mL/L, and IONPs concentration 3.0 mg/mL
extract that gave 90% Congo red removal and 30 mL/L
sludge volume with half settling time of the one without
IONPs (60 min).

Acknowledgements The authors are gratefully acknowledging the Par-
ahyangan Catholic University Centre of Research and Community Ser-
vice for financial support with Contract No. III/LPPM/2020-01/09-P.
The authors wish to thank all who assisted in conducting this work.

Funding This study was funded by Parahyangan Catholic Uni-
versity Centre of Research and Community Service (No. III/
LPPM/2020-01/09-P).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

]
* @ Springer

References

Abidin ZZ, Madehi N, Yunus R (2017) Coagulative behaviour of Jat-
ropha curcas and its performance in wastewater treatment. Envi-
ron Prog Sustain Energy 36:1709-1718

Albadarin AB, Collins MN, Naushad M, Shirazian S, Walker G,
Mangwandi C (2017) Activated lignin-chitosan extruded
blends for efficient adsorption of methylene blue. Chem Eng
1307:264-272

Algadami AA, Naushad M, Abdalla MA, Khan MR, Alothman ZA
(2016) Adsorptive removal of toxic dye using Fe;0,~TSC nano-
composite: equilibrium, kinetic, and thermodynamic studies. J
Chem Eng Data 61:3806-3813

Algqadami AA, Naushad M, Alothman ZA, Ghfar AA (2017) Novel
metal-organic framework (MOF) based composite material for
the sequestration of U (VI) and Th (IV) metal ions from aqueous
environment. ACS Appl Mater Interfaces 9:36026-36037

Alqadami AA, Naushad M, Alothman ZA, Ahamad T (2018) Adsorp-
tive performance of MOF nanocomposite for methylene blue and
malachite green dyes: kinetics, isotherm and mechanism. J Envi-
ron Manag 223:29-36

Baptista ATA, Silva MO, Gomes RG, Bergamasco R, Vieira MF, Vieira
AMS (2017) Protein fractionation of seeds of Moringa oleifera
lam and its application in superficial water treatment. Sep Purif
Technol 180:114-124

Beltran-Heredia J, Sdnchez-Martin J, Barrado-Moreno M (2012) Long-
chain anionic surfactants in aqueous solution. Removal by Mor-
inga oleifera coagulant. Chem Eng J 180:128-136

Choy SY, Prasad KMN, Wu TY, Ramanan RN (2015) A review on
common vegetables and legumes as promising plant-based natu-
ral coagulants in water clarification. Int J Environ Sci Technol
12:367-390

Dalvand A, Gholibegloo E, Ganjali MR, Golchinpoor N, Khazaei
M, Kamani H, Hosseini SS, Mahvi AH (2016a) Comparison
of Moringa stenopetala seed extract as a clean coagulant with
Alum and Moringa stenopetala-Alum hybrid coagulant to
remove direct dye from Textile Wastewater. Environ Sci Pollut
Res 23:16396-16405

Dalvand A, Nabizadeh R, Ganjali MR, Khoobi M, Nazmara S, Mahvi
AH (2016b) Modeling of Reactive Blue 19 azo dye removal from
colored textile wastewater using L-arginine-functionalized Fe;0,
nanoparticles: optimization, reusability, kinetic and equilibrium
studies. J] Magn Magn Mater 404:179-189

Daneshvar E, Vazirzadeh A, Niazi A, Kousha M, Naushad M, Bhat-
nagar A (2017) Desorption of Methylene blue dye from brown
macroalga: effects of operating parameters, isotherm study and
kinetic modeling. J Clean Prod 152:443-453

Dasgupta J, Sikder J, Chakraborty S, Curcio S, Drioli E (2015) Reme-
diation of textile effluents by membrane based treatment tech-
niques: a state of the art review. J Environ Manag 147:55-72

Dias AMGC, Hussain A, Marcos AS, Roque ACA (2011) A bio-
technological perspective on the application of iron oxide mag-
netic colloids modified with polysaccharides. Biotechnol Adv
29:142-155

Evitayani LW, Fariani A, Ichinohe T, Fujihara T (2004) Study on nutri-
tive value of tropical forages in North Sumatra, Indonesia. Asian
Australas J] Anim Sci 17:1518-1523

Freitas TKFS, Almeida CA, Manholer DD, Geraldino HCL, Souza
MTED, Garcia JC (2018) Review of utilization plant-based coagu-
lants as alternatives to textile wastewater treatment. In: Muthu



International Journal of Environmental Science and Technology (2020) 17:3561-3570 3569

SS (ed) Detox fashion, textile science and clothing technology.
Springer Nature Singapore Pvt Ltd, Singapore

Hariani PL, Faizal M, Ridwan R, Marsi M, Setiabudidaya D (2013)
Synthesis and properties of Fe;O, nanoparticles by co-precipita-
tion method to removal procion dye. IJESD 4:336-340

Hudaya T, Anthonios J, Septianto E (2017) UV/Fenton photo-oxidation
of Drimarene Dark Red (DDR) containing textile-dye wastewater.
IOP Conf Ser Mater Sci Eng 162:012022

Tida H, Takayanagi K, Nakanishi T, Osaka T (2007) Synthesis of
Fe304 nanoparticles with various sizes and magnetic properties
by controlled hydrolysis. J Colloid Interface Sci 314:274-280

Jadhav MV, Mahajan YS (2014) Assessment of feasibility of natural
coagulants in turbidity removal and modeling of coagulation pro-
cess Desalin. Water Treat 52:5812-5821

Kebaili M, Djellali S, Radjai M, Drouiche N, Lounici H (2018) Val-
orization of orange industry residues to form a natural coagulant
and adsorbent. J Ind Eng Chem 64:292-299

Khalil MI (2015) Co-precipitation in aqueous solution synthesis of
magnetite nanoparticles using iron(III) salts as precursors. Arab
J Chem 8:279-284

Kristianto H, Kurniawan MA, Soetedjo JNM (2018a) Utilization of
papaya seeds as natural coagulant for synthetic textile color-
ing agent wastewater treatment. Int J Adv Sci Eng Inf Technol
8:2071-2077

Kristianto H, Paulina S, Soetedjo JNM (2018b) Exploration of various
Indonesian indigenous plants as natural coagulant for synthetic
turbid water. IJTech 9:464-471

Kristianto H, Rahman H, Prasetyo S, Sugih AK (2019) Removal of
Congo red aqueous solution using Leucaena leucocephala seed’s
extract as natural coagulant. Appl Water Sci 9:88

Laurent S, Forge D, Port M, Roch A, Robic C, Elst LV, Muller RN
(2008) Magnetic iron oxide nanoparticles: synthesis, stabilization,
vectorization, physicochemical characterizations, and biological
applications. Chem Rev 108:2064-2110

Lofrano G, Carotenuto M, Libralato G, Domingos RF, Markus A, Dini
L, Gautam RK, Baldantoni D, Rossi M, Sharma SK, Chattopad-
hyaya MC, Giugni M, Meric S (2016) Polymer functionalized
nanocomposites for metals removal from water and wastewater:
an overview. Water Res 92:22-37

Loh K-S, Lee YH, Musa A, Salmah AA, Zamri I (2008) Use of
Fe;O, Nanoparticles for enhancement of biosensor response
to the herbicide 2,4-dichlorophenoxyacetic acid. Sensors
8:5775-5791

Mateus GAP, Paludo MP, Santos TRTD, Silva MF, Nishi L, Fagundes-
Klen MR, Gomes RG, Bergamasco R (2018a) Obtaining drink-
ing water using a magnetic coagulant composed of magnetite
nanoparticles functionalized with Moringa oleifera seed extract.
J Environ Chem Eng 6:4084-4092

Mateus GAP, Santos TRTD, Sanches IS, Silva MF, Andrade MBD,
Paludo MP, Gomes RG, Bergamasco R (2018b) Evaluation of a
magnetic coagulant based on Fe;O, nanoparticles and Moringa
oleifera extract on tartrazine removal: coagulation-adsorption and
kinetics studies. Environ Technol. https://doi.org/10.1080/09593
330.2018.1543358

Meraz KAS, Vargas SMP, Maldonado JTL, Bravo JMC, Guzman
MTO, Maldonado EAL (2016) Eco-friendly innovation for nejay-
ote coagulation—flocculation process using chitosan: evaluation
through zeta potential measurements. Chem Eng J 284:536-542

Meric S, Selcuk H, Belgiorno V (2005) Acute toxicity removal in tex-
tile finishing wastewater by Fenton’s oxidation, ozone and coagu-
lation—flocculation processes. Water Res 39:1147-1153

Mironyuk I, Tatarchuk T, Naushad M, Vasylyeva H, Mykytyn I (2019)
Highly efficient adsorption of strontium ions by carbonated
mesoporous TiO,. J Mol Liq 285:742-753

Musa M, Hamid KHK, Abidin HZ, Rodhi MNM (2015) Coagulant
from chemically modified fish scale for textile wastewater treat-
ment. In: Hashim M (ed) ICGSCE 2014. Springer, Singapore

Naushad M, Alothman ZA, Awual MR, Alfadul SM, Ahamad T
(2016a) Adsorption of rose Bengal dye from aqueous solution by
amberlite Ira-938 resin: kinetics, isotherms, and thermodynamic
studies. Desalin Water Treat 57:13527-13533

Naushad M, Khan MA, Alothman ZA, Khan MR, Kumar M (2016b)
Adsorption of methylene blue on chemically modified pine nut
shells in single and binary systems: isotherms, kinetics, and ther-
modynamic studies. Desalin Water Treat 57:15848-15861

Naushad M, Sharma G, Alothman ZA (2019) Photodegradation of toxic
dye using Gum Arabic-crosslinkedpoly(acrylamide)/Ni(OH),/
FeOOH nanocomposites hydrogel. J Clean Prod 241:118263

Okoli C, Boutonnet M, Jaras S, Rajarao-Kuttuva G (2012) Protein-
functionalized magnetic iron oxide nanoparticles: time efficient
potential-water treatment. J Nanopart Res 14:1194

Oladoja NA (2015) Headway on natural polymeric coagulants in
water and wastewater treatment operations. J] Water Process Eng
6:174-192

Ramavandi B (2014) Treatment of water turbidity and bacteria by using
a coagulant extracted from Plantago ovata. Water Res Ind 6:36-50

Rashad MM, El-Sayed HM, Rasly M, Nasr MI (2012) Induction
heating studies of magnetite nanospheres synthesized at room
temperature for magnetic hyperthermia. J] Magn Magn Mater
324:4019-4023

Santos TRT, Silva MF, Nishi L, Vieira AMS, Klein MRF, Andrade
MB, Vieira MF, Bergamasco R (2016) Development of a magnetic
coagulant based on Moringa oleifera seed extract for water treat-
ment. Environ Sci Pollut Res 23:7692-7700

Santos TRTD, Mateus GAP, Silva MF, Miyashiro CS, Nishi L, Andrade
MBD, Fagundes-Klen MR, Gomes RG, Bergamasco R (2018a)
Evaluation of magnetic coagulant (a-Fe,03;-MO) and its reuse in
textile wastewater treatment. Water Air Soil Pollut 229:92

Santos TRTD, Silva MF, Andrade MBD, Vieira MF, Bergamasco R
(2018b) Magnetic coagulant based on Moringa oleifera seeds
extract and super paramagnetic nanoparticles: optimization of
operational conditions and reuse evaluation. Desalin Water Treat
106:226-237

Sethi P, Kulkarni PR (1993) Fractionation of Leucaena seed-kernel
proteins based on their solubility characteristics. Food Chem
48:173-177

Sethi P, Kulkarni PR (1994) Chemical composition of Leucaena leu-
cocephala seeds. Int J Food Sci Nutr 45:5-13

Sharma G, Naushad M, Pathania D, Mittal A, El-Desoky GE (2015)
Modification of Hibiscus cannabinus fiber by graft copo-
lymerization: application for dye removal. Desalin Water Treat
54:3114-3121

Sharma G, Kumar A, Naushad M, Kumar A, Al-Muhtaseb AAH, Dhi-
man P, Ghfar AA, Stadler FJ, Khan MR (2018) Photoremedia-
tion of toxic dye from aqueous environment using monometallic
and bimetallic quantum dots based nanocomposites. J Clean Prod
172:2919-2930

Tatarchuk T, Paliychuk N, Bitra RB, Shyichuk A, Naushad M,
Mironyuk I, Zidtkowska D (2019) Adsorptive removal of toxic
Methylene Blue and Acid Orange 7 dyes from aqueous medium
using cobalt-zinc ferrite nanoadsorbents. Desalin Water Treat
150:374-385

TieJ,Li P, XuZ, Zhou Y, Li C, Zhang X (2015) Removal of Congo red
from aqueous solution using Moringa oleifera seed cake as natural
coagulant Desalin. Water Treat 54:2817-2824

Vijayaraghavan G, Shanthakumar S (2016) Performance study on algal
alginate as natural coagulant for the removal of Congo red dye.
Desalin Water Treat 57:6384-6392

(]
’r @ Springer


https://doi.org/10.1080/09593330.2018.1543358
https://doi.org/10.1080/09593330.2018.1543358

3570 International Journal of Environmental Science and Technology (2020) 17:3561-3570

Wu W, He Q, Jiang C (2008) Magnetic iron oxide nanoparticles: syn- Xu P, Zeng GM, Huang DL, Feng CL, Hu S, Zhao MH, Lai C, Wei

thesis and surface functionalization strategies. Nanoscale Res Lett Z, Huang C, Xie GX, Liu ZF (2012) Use of iron oxide nano-

3:397-415 materials in wastewater treatment: a review. Sci Total Environ
Wu W, Wu Z, Yu T, Jiang C, Kim W-S (2015) Recent progress on 424:1-10

magnetic iron oxide nanoparticles: synthesis, surface functional Yin C-Y (2010) Emerging usage of plant-based coagulants for water

strategies and biomedical applications. Sci Technol Adv Mater and wastewater treatment. Process Biochem 45:1437-1444

16:023501

o’
’r @ Springer



	Magnetically assisted coagulation using iron oxide nanoparticles-Leucaena leucocephala seeds’ extract to treat synthetic Congo red wastewater
	Abstract
	Introduction
	Materials and methods
	Synthesis of IONPs and characterization
	Leucaena seeds’ extract preparation
	Jar test experiment

	Results and discussions
	Characterization of IONPs
	Effect of pH on coagulation
	Effect of coagulant dosage
	Effect of IONPs concentration

	Conclusion
	Acknowledgements 
	References




