Hydrothermal synthesis of magnetic-biochar nanocomposite derived from avocado peel
and its performance as an adsorbent for the removal of methylene blue from wastewater

Eswaran Prabakaran®, Kriveshini Pillay®, Hendrik Brink®*

“*Department of Chemical Engineering, Water Utilisation and Environmental Engineering Division, University of
Pretoria, Pretoria, South Africa.
YDepartment of Chemical Sciences, University of Johannesburg, Doornfontein Campus, Johannesburg, 2028, South

Africa.

Highlights
o Magnetic Fe304-BC nanocomposite was successfully prepared by hydrothermal method.

o TEM, FT-IR, and EDAX confirmed the successful formation of Fe304-BC.
© Fe304-BC removes methylene blue 1-3 orders of magnitude faster than previously.

o Fe304-BC nanocomposite was successfully regenerated at least four times.
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Abstract

In this work hydrothermally prepared magnetic iron oxide coated biochar nanocomposite
(Fe304-BC), from raw avocado peel (raw AVP) and ferric chloride hexahydrate, effectively
adsorbed aqueous methylene blue (MB) dye. Successful Fe;04-BC formation was confirmed by
TEM, FT-IR, XRD and SEM. BET analyses measured a higher surface area (25.98 m?/g vs 18.89
m?/g) and smaller pore diameter (8.25 nm vs 13.01 nm) for Fe304-BC compared to raw AVP. The
Tempkin and Langmuir isotherm models successfully modeled the Fe3O4s-BCMB adsorption
equilibrium data, indicating uniform adsorption binding energy and homogeneous single layer
adsorption. The maximum Langmuir adsorption capacity qmax = 62.1 mg/g for MB compared well
with previously reported values for low cost carbonaceous adsorbents. The temporal experimental
data was best represented by the pseudo-second order and two-phase pseudo-first-order kinetic
models suggesting that chemisorption dominated. Thermal studies indicated spontaneous
endothermic adsorption (AG< 0, AH> 0). Fe30s-BCshowed remarkable stability and reusability
during four consecutive adsorption-desorption cycles. Compared to literature, Fe3Os-BC
adsorption was markedly faster requiring between 1 and 3 orders of magnitude less time to reach
equilibrium. Consequently, a significantly lower treatment time would be required industrially
which, coupled with magnetic separation, reusability, and relatively high adsorption capacity of
the adsorbent, highlights the unprecedented industrial potential of Fe304-BC nanocomposite as an

adsorbent for the treatment of MB polluted waters.
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1. Introduction

A major global challenge remains the detrimental contamination of water resources due to
exponentially increasing populations as well as ballooning industrial activities. The economically
important industries of dyes, pharmaceuticals, and pesticides discharge various types of pollutants
to the hydrosphere, and by extension sourced of drinking water, which create severe human health
and environmental problems [1]. Prominently, the dye industry is one of the largest producers of
pollutants worldwide [2-5]. Contamination of water sources by toxic dyes, such as methylene blue,
malachite green, and rhodamine B, not only causes significant environmental problems, it also
poses severe risks to human health including carcinogenicity, kidney disfunction, and central
nervous system disorders [6-15]. Among them methylene blue (MB) is a cationic dye, which is
applied in various industries including dyeing, printing, chemical indicators, and biological
applications [16, 17]. MB containing wastewaters pose serious risks to both microorganisms in the
environment and human health due to large organic loads, reduced biodegradability, and high
chromaticity [18]. Therefore, coordinated plans are required for the decrease of dye concentrations
in effluents.

Recently, several methods have been proposed for the treatment of dye containing
wastewater including physical, chemical, and biological approaches [19]. Specifically, different
technologies have been investigated such as membrane filtration [20], flocculation [21],
biodegradation [22], advanced oxidation [23], electrochemical method [24], photocatalytic
degradation [25], and adsorption [26-28]. Adsorption is considered an efficient method for the
treatment of dye wastewater because of low cost, ease of operation, large number of effective

adsorbents, and better removal of toxic substances [29-32].



Over the past several years many researchers have tested different low-cost adsorbents such
as sugarcane bagasse, wheat Ficuscaricabast, pinewood, biochar, switch grass, sludge,
montmorillonite, flax fiber, zeolite, and clay for adsorption of dye from water [33-43]. Recently,
biochar has been considered as an effective adsorbent derived from various agricultural wastes
because of its large surface and variety of functional groups [44, 45]. However, biochar adsorbents
are known to suffer from several disadvantages, such as poor adsorption capacity, agglomeration,
and lower ability to be regenerated, for practical applications to be realized [46]. Consequently,
biochar requires surface modification to improve surface properties and adsorption capacities
which would result in cost-effective adsorbents for the removal of dye from aqueous solutions
[47]. Different metal oxide modifications of various biochar nanocomposite have been studied,
these include carboxymethyl cellulose stabilized ZnO/biochar nanocomposites [48], ZnO/cotton
stalks biochar nanocomposite [49], Fe3Ous-loaded biochar [50], biochar/FexOy composite [51],
wheat shells [52], hazelnut shells [53], Al2Os nanoparticle-coated biochars [54], ZrO2
nanoparticles on biochar [55], Titanium dioxide-coated biochar composites [56], and biochar of
jackfruit peel to fabricate biogenic magnetite-biochar nanocomposite [57]. Of these, iron oxide-
based biochar nanocomposites were of great interest for the adsorption of dyes from aqueous
solution due to large surface area, better magnetic properties, high active prevalence of surface
sites which enhance the adsorption capacity of these adsorbents, and favourable regenerability [58,
59].

Perseaamericana is the botanical name of the avocado tree which is part of the Laurel
family. It is widely cultivated in Mexico, Central America, and several tropical and subtropical
areas around the world. The avocado fruit is familiarly used as a vegetarian food because of its

high fat content, acting as an alternate to salads and sandwiches. This fruit is extensively produced



and consumed in South Africa resulting in the production of significant amounts of avocado peel
waste [60].Even though peels are not in itself harmful to the environment, it has the potential to be
reused and consequently to reduce the impact of the waste. Biochar based iron oxide
nanocomposite from avocado waste has been studied for the adsorption of various organic and
inorganic pollutants [61, 62]. However, the production of biochar-based iron oxide nanocomposite
from avocado peels for the adsorption of MB dye is an as yet unexplored area of research with
significant potential.

In the present work, the authors proposed the preparation of iron oxide (Fe3O4) coated
biochar nanocomposite (Fe3O4-BC) from avocado fruit peel by a hydrothermal treatment method.
Raw avocado peel (raw AVP) and Fe304-BC were characterized to assess the influence of surface
activation on the raw AVP. The Fe304-BC nanocomposite was subsequently used as an adsorbent
for the adsorption of MB to assess its adsorption performance. Further, the study assessed various
adsorption process parameters including the effects of adsorbent dosage, pH, MB concentration,
temperature, and contact time to determine the adsorption capacity and optimal conditions to
maximize the percentage removal of MB dye. Finally, the temporal adsorption kinetics and
isotherms were determined to elucidate the adsorption mechanism of MB on Fe30s-BC

nanocomposite.



2. Experimental sections
2.1. Materials

Avocado fruit were purchased from a local food market in South Africa. FeCl3.6H20 and
methylene blue were purchased from Sigma-Aldrich (St Louis, MO, USA). Hydrochloric acid
(HCl) and sodium hydroxide (NaOH) and Ethanol were obtained from Merck chemical Company
(Kenilworth, NJ, USA). Analytical grade of all the chemicals and reagents were used without

purification. Deionized water was used in all experiments.

2.2. Preparation of Fe304-BC nanocomposite by hydrothermal method

The surface of raw avocado peels (raw AVP) was washed several times to remove
impurities and residual fruit material. The peels were dried at 100 °C for 12 h and ground to
produce circa 6.0 g of a macro-sized brownish yellow powder. 4.0 g of raw AVP powder and 0.5
g of FeCl3.6H20 were mixed with 80 mL distilled water in a 100 mL beaker and vigorously stirring
for 1 hour. Then the solution was transferred into a 100 mL Teflon coated autoclave and heated to
180 °C for 12 h. After cooling to room temperature, the prepared Fe3Os4-BC nanocomposite
precipitate was collected from the solution by centrifugation and washed with water and ethanol
several times to remove residual impurities. Finally, a blackFe304-BC nanocomposite powder was
obtained by drying at 100 °C for 12 h. The schematic diagram of preparation of Fe3Os-BC

nanocomposite is shown in Fig.1.
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Figure 1. Schematic diagram of the preparation of Fe304-BC nanocomposite by hydrothermal

method.

2.3. Characterization Techniques

The synthesized materials were characterized to confirm the successful formation of AVP
and Fe304-BC nanocomposite. The surface functional groups were identified by Fourier
Transform Infrared (FT-IR) (Perkin—Elmer PE1600 FTIR spectrophotometer, Perkin-Elmer,
Waltham, MA) in the range of 4000—400 cm'. X-ray Diffractometer (XRD) determined the
crystalline nature of all powders with a Panalytical X Pert Pro X-Ray Diffractometer (Malvern
Panalytical, Malvern, UK) and Philips PW1729 diffractometer (Phillips and Company,
Amsterdam, Netherlands) with working systems of Cu Ka radiation (A = 1.5406 A) operating at

45 kV and 40 mA.The Raman spectra were used to identify the stretching vibration modes of the



nanoparticles (PerkinElmer Spectrum Two spectrometers, Perkin-Elmer, Waltham, MA) at a laser
excitation line of 532 nm. The thermogravimetric (TGA) and Differential thermal analysis (DTA)
properties of the nanomaterials were measured by using a TGA-DTA instrument (Netzsch, Selb,
Germany) in the temperature interval of 50-900 ‘C. The Brunauer-Emmett-Teller (BET) method
was utilized for determined the surface area and pore size under N2 atmosphere adsorption-
desorption process with a Micro-Metrics ASAP 2020 analyzer (Ottawa, Canada). The surface
charge of materials was evaluated by zeta potential measurement with Malvern Zeta sizer NanoZS
90 (Malvern, UK). The morphology and elemental composition of the nanomaterials were
investigated using a Scanning Electron Microscope (TESCAN, VEGA SEM, Brno, Czech
Republic) at the electron acceleration voltage 20 kV with carbon coating for image quality. The
size of nanomaterials was determined by using Transmission electron microscopy (TEM JEOL,
JEM-2100F, Tokyo, Japan) with operating electron voltage of 90 kV. The pH measurements were

performed with an OHAUS starter 2100 (Parsippany-Troy Hills, NJ, USA).

2.4. Batch adsorption
Evaluation of the adsorption activity of the MB dyeadsorbate on the Fe3Os-BC

nanocomposite adsorbent was carried out by batch adsorption. 100 mL plastic bottles containing
50 mL of 15 mg/L initial concentration MB with various dosages of Fe304-BC nanocomposite
adsorbent (10 to 80 mg), ata pH 6.5 was tested. Subsequently, Fe304-BC nanocomposite adsorbent
mass (50 mg) was used for all equilibrium experiments. MB dye adsorption was also tested with
different parameters: pH, adsorbate concentration,contact time and temperature. The plastic bottles
were agitatedin a thermostatic shakerwater-bath (Labex Pty (Ltd), Johannesburg, South Africa) at
180 rpm for 6 h 0.45 uM PTFE membrane syringe filters were used toremove adsorbent from

solution after termination of the adsorption equilibrium experiments. The equilibrium



concentrations of MB dye in the solution was determined at the maximum absorption wavelength
of 664 nm using UV-visible spectrophotometer (Shimadzu UV-1208 model UV-visible
spectrophotometer, Kyoto, Japan). 0.1 N HCl and 0.1 N NaOH solutions were used to adjust the
pH during in the adsorption experiments. The percentage removal of MB,the temporal and
equilibrium adsorbed amount of dye on Fe304-BC nanocomposite were calculated using equation

(1), (2) and (3). The adsorption experiments were carried out in triplicate and the average values

determined.
Removal efficiency (%) = (“¢) x 100......c........... (1)
Qe =XV 2)
Qo= "XV oottt (3)

Where gt (mg/g) is the amount of dye on the adsorbent at time, ge (mg/g) is the amount of dye on
the adsorbent; Co and Ce are respectively initial concentration and equilibrium time of MB, V is

the volume of solution and M 1is the mass of adsorbent.

2.5. Isotherm models
2.5.1. Langmuir isotherm model
The monolayer adsorption onto the surface of adsorbent with particular sites was

determined by the Langmuir isotherm model. It can be written as equation (4) [63].

_ kLGmaxCe
o= BIMELE (4)

where qe is the MB concentration at equilibrium onto Fe304-BC nanocomposite adsorbent, gmax
(mg g!) is the maximum adsorption capacity, C. (mg/L) is the MB concentration at equilibrium

and Kr (L/mg) is the Langmuir constant based the adsorption sites for MB.



The Langmuir isotherm can also be articulated with dimensionless separation factor (RL),

which is described the favorable of adsorption method as follows equation (5) [64].

Where Kr (L/mg) is the Langmuir constant and Co is the initial concentration of MB, Rv is the
separated factor, which is mentioned the adsorption behavior of RL = 0 (irreversible process),

RrL =1 (Linear), Rt>1 (Unfavorable process) and 0<RrL<1 (Favorable process) [65].

2.5.2. Freundlich isotherm model
The Freundlich isotherm model, which is an empirical model based on the multilayer
adsorption on heterogeneous surfaces. The nonlinear term of the Freundlich equation for

heterogeneous surface energy systems is given by equation (6) [66].

Qe = KpCl oo (6)
Where Kr is the adsorption capacity (mg/g) (L/mg)'™) and n is the Freundlich isotherm
constant. The 1/n is the heterogeneous factor, which is related to the adsorption favorable of the

adsorbent and adsorbate [67].

2.5.3. Tempkin isotherm model

The linear plot of Tempkin model is specified by using equation (7) [68]

RT

Ge = (52)IN(KrCo)-vvvvnninii (7)

Where T is the temperature in Kelvin, R is the gas constant (8.314 J/mol K), br is the

Tempkin constant(mg/L) and Kr is the Tempkin isotherm equilibrium constant in (L/g).
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2.6. Reusability-adsorption/desorption studies

Adsorption/Desorption studies were tested by initial adsorption experiment using 50 mg of
the Fe304-BC nanocomposite in 50 mL of MB solution (15 mg/L) into rotary water-bath thermal
shaker with rotation speed 180 rpm at 25 °C for 2 hr. After that, desorption was conducted by
rotator shaker the MB onto Fe304-BC nanocomposite with 20 mL (0.1 M) of HCI and 10 mL
ethanol for 2h The regenerated Fe304-BC nanocomposite adsorbent was recovered by a strong
magnet and then washed with distilled water and dried 70 °C for 6 h before repeating the
adsorption-desorption cycle at the same MB concentration. This desorption-desorption method

was repeated for four cycles.

3. Results and discussion
3.1. FT-IR characterization

Figure 2A (a & b) shows the surface functional groups of raw AVP and Fe30s-BC
nanocomposite as identified by FT-IR spectroscopy. The raw AVP displayed peaks at 3424 cm™,
2926 cm™!, 2865 cm™!, 1736 cm™, 1635 cm™!, 1448 cm™' and 1046 cm™, corresponding to O-H,
=CHaz, C-H, C=0, C=C, C-O-C and C—OH stretching vibration as shown in Fig.2A(a) [69-72]. For
the Fe304-BC nanocomposite slightly shifted peak positions at 3385 cm™!, 2916 cm’!, 2854 cm’!,
1705 cm™, 1619 cm™, 1457 cm’!, and 1118 cm'were observed as compared to raw AVP.
Additionally, peaks at 796 cm™ and 612 cm'peaks were observed due to the formation stretching
and vibration of Fe-O bond in the Fe304-BC nanocomposite, respectively, as shown in Fig.2A

(b). The types of peaks were noted in previous reports [73-75].
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Figure 2 (A-D). (A) FT-IR spectra of raw AVP (a) and Fe304-BC nanocomposite (b), (B) X-ray
diffraction of raw AVP and Fe304-BC nanocomposite and TGA/DTA spectra of
(C) raw AVP and (D) Fe304-BC nanocomposite.

3.2. XRD characterization

The crystalline and amorphous nature of raw AVP and BC-Fe304 nanocomposite were
conducted by XRD patterns as shown in Fig.2B (a&b). Sharp and broad diffraction peaks appeared
at 20 = 21.63° and 40.6° which are indicative of the amorphous nature of the carbon structure [76].
A small Intensity peak was observed at 34.5° and corresponded to the mixed inorganic components

in the raw AVP as shown in Fig.2B (a) [77]. Figure 2B (b) show the different diffraction peaks at

12



20 = 26.87°, 34.38°, 38.83°, 43.77° and 56.83° and 64.25° which are ascribed to (220), (311),
(400), (422), (511) and (440) planes. This observation indicated the crystalline nature of Fe3Oa4 in
the BC-Fe3O4 nanocomposite. Additionally, two small intensity broad peaks appeared at 20 =
22.62° and 35.82° to 55.33°, which are assigned to the (002) and (100) planes of graphite carbon
structures [78]. These diffraction peaks are characteristic of Fe3O4 (JCPDS no. 19-0629) [79, 80]
and therefore indicating that FesOswas effectively coated on the surface of the BC. Further, the
crystal size of the Fe304-BC nanocomposite (15.4 nm) was calculated using Scherrer equation (8).
D=KMP COS B (8)
Where D = average size of particles, K = Scherrer's constant (0.90), A= radiation wavelength
(1.5406 A), B = full width at half maximum intensity (FWHM) given in radians and 6 = Braggs

diffraction angle.

3.3. TGA characterization

Thermal gravimetric analysis (TGA) quantified the thermal stability and thermal
performance of AVP and Fe304-BC nanocomposite in N2 atmosphere from 30 “C to 900 "C and
heating rate of 5°C/min, and is shown in Fig.2(C&D), respectively. Figure 2(C) shows three
distinct weight loss regions in the range of 30 to 120 'C, 120 to 350 °C and 350 to 550 'C,
corresponding to the removal of moisture and organic volatile compounds, decomposition of major
carbonization, and thermal decomposition of the organic backbone, respectively [81, 82]. Above
550 °C, indicated the dislocation of compounds and good stability. From the differential thermal
analysis (DTA) spectrum it was evident that the decomposition was exothermic as shown in Fig.2
(C). The TGA spectrum of Fe304-BC nanocomposite also showed three weight loss regions:30 to

115°C, 115 to 310 °C and 310 to 470 "C due to the elimination of water molecules and organic

13



matter, decomposition of main carbonization, and decomposition of the structure of Fe-O in Fe3Oa-
BC nanocomposite, respectively, as shown in Fig.2(D). Above 470 °C, the Fe3Os-
BCdemonstratedimprovedthermal stability (negligible weight loss) [83].The DTA spectrum

indicated an exothermic reaction as shown in Fig.2D.

3.4. BET characterization

The specific surface area, and pore size of AVP and Fe3Os-BC nanocomposite were
characterized by N2 adsorption-desorption isotherms with BET analysis as shown in Supporting
Information Fig.S1A (a&b). The BJH plots which were used to evaluate the surface area of AVP
(18.89 m?/g) and Fe304-BC nanocomposite (25.98m?/g), these plots shows that the N>adsorption-
desorption exhibited type IV isotherm behaviour with H3 hysteresis loops indicative of
mesoporous materials as shown in Supporting Information Fig.S1A(a&b) [84, 85]. Pore size
distribution of AVP (13.01 nm) and Fe304-BC nanocomposite (8.25 nm) as measured from the
BJH plot as shown in Supporting Information Fig.S1B (a&b). From the Supporting Information
Figure S1B (a&b), Fe304-BC nanocomposite was observed to have a much high surface area and
smaller pore size than AVP, indicating that the Fe3O4 coated on BC showed good dispersity in the

water medium [86].
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Figure 3 (A-D). SEM images of Fe304-BC nanocomposite of (A) 50 um, (B) 20 pm and
(C) 10 um and (D) EDAX image of Fe304-BC nanocomposite.

3.5. SEM characterization

The morphology of Fe30s4-BC nanocomposite was determined by scanning electron
spectroscopy as shown in Fig.3 (A-C). The surface image of Fe30s4-BC nanocomposite was
observed at various magnifications 20 pm, 10 pm and 5 pm. Figure 3A (a) shows the unequal

white particles with porous nature of sheet image was recorded at low magnification 50 um as
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shown in Fig.3A. The white particles bounded on porous sheet was clearly observed at high
magnifications at 20 pm and 10 um magnifications as shown in Fig.3(B&C). The elemental
composition of Fe3O4-BC nanocomposite was done by EDAX analysis (Figure 3D) indicating the

presence of C, O and Fe and therefore confirming that Fe3O4 successfully coated on BC.

3.6. TEM characterization

The shape and size of the Fe304-BC nanocomposite as investigated by TEM as shown in
Supporting Information Figure S2 (A-C). The dark particles coated on porous thin sheets of BC
were captured at various areas with the same magnification of (as indicated by 100 nm bar)
Supporting Information Figure S2 (A&B). The dark particles of Fe3O4 and porous of BC were
clearly explored at high magnification (note 50 nm bar) indicated by yellow arrow as shown in

Supporting Information Figure S2 (C).

3.7. Removal of MB by batch adsorption
3.7.1. Effect of dosage

The optimal dosage was investigated for the removal of MB (15mg/L, 50 mL) with
different dosage (10, 20, 30, 40, 50, 60,70 and 80mg) of Fe304-BC nanocomposite were used at180
rpm for 6 hours, at a near-neutral pH 6.5. Figure 4A (a) shows the percentage of removal of MB
(99.06 to 99.52 %) increased with increased dosage of 10 to 50mg resulting from the higher
availability of adsorbent sites with Fe3O4-BC nanocomposite adsorbent. Even though, the
percentage removal of MB was slightly decreased with further increased dosage of 60—-80 mg due
to agglomeration of adsorbent, which reduces the available surface of Fe304-BC nanocomposite
adsorbent [87]. The amount of MB adsorbed on Fe3O4-BC nanocomposite adsorbent was also

displayed with different dosages as shown in Fig.4A (b). The spectra and digital images of before

16



and after adsorption of MB with optimum dosage of 50 mg were displayed as shown in Fig.4B

(inset). This was similarly reported for removal of MB with other adsorbents [88, 89].
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Figure 4 (A-D). (A) Effect of dosage on MB adsorption by Fe30s-BC nanocomposite, (B)

UV-visible spectra of before and after adsorption MB with 50 mg dosage of
Fe304-BC nanocomposite, (C) Effect of pH on MB adsorption Fe3Os-BC
nanocomposite and (D) Zeta potential of Fe304-BC nanocomposite with

various pH 2, 4, 6, 8, 10 and 12.
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3.7.2. Effect of pH and Zeta Potential

The pH is an important factor in adsorption of MB onto Fe3Os-BC nanocomposite
adsorbent, which aids in understanding the mechanism of adsorption by providing information on
the surface charge of the adsorbent and MB in solution. Figure 4(C) showed the adsorption of MB
onto Fe304-BC nanocomposite as conducted with different pH values of 2, 4, 6, 8, 10 and 12. At
the pH2 to pH 8 adsorption of MB was slightly increased because of repulsion between the positive
charge of adsorbent and positive charge of MB in the acidic solution [90]. The data showed the
maximum adsorption removal efficiency at pH 8 due to strong interaction between the negative
charge of Fe304-BC and positive charge of MB in the basic medium [91]. Above pHS8 the
adsorption of MB was slightly decreased due to increased negative charge onto MB and Fe3Os-
BC nanocomposite [92]. Figure 4(D) shows the zeta potential of Fe3Os-BC nanocomposite
decreased from +0.187 mV to —0.505 mV with increasing the pH 2 to pH 12. The slight increase
in zeta potential at pH 10 is likely a result of the deposition of charged particles on the
nanocomposite surface. Further the point of zero charge (pHpZc) was calculated at 4.46 and Fe3O4-
BC nanocomposite adsorbent surface is neutral, the pH reaches equilibrium as pHpzc [93]. This
means that the Fe304-BC nanocomposite has a positive charge below pH of 4.46. At pH lower
than pHpzc the material opposed the removal of MB and higher than pHpzc the Fe3O0s-BC
nanocomposite becomes negative charge to enhance the removal of MB due to electrostatic
interaction. The adsorption of MB decreased when the pH solution is reached at a higher rate due
to repulsion between the negative charge surface of adsorbent and negative charge of adsorbate

[94].
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Figure 5(A-D). (A) Effect of contact time on MB adsorption with Fe304-BC nanocomposite with
nonlinear plot, (B-D) Nonlinear plot of pseudo first order kinetic, two-phase
pseudo-first order and second order kinetic plots for MB adsorption with Fe3Oa-

BC nanocomposite and (E) Intraparticle diffusion model for adsorption of MB

onto the Fe304-BC nanocomposite.
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3.7.3. Effect of contact time

To determine the effect of contact time on the adsorption of MB (15 mg/L in 50 mL) onto
Fe304-BC nanocomposite (50 mg), samples were taken at different contact times5, 10, 20, 40, 120,
180, 300 and 360 min at a temperature of 25 °C. Figure 5 (A) shows that nearly complete removal
of MB was observed as early as 5 minutes (98.7 %) for Fe3Os-BC nanocomposite and then
effectively complete equilibrium was obtained after 120min (99.9 %). The adsorbent initially has
more available sites to enhance removal of MB which then decrease with increased removal of

MB due to less vacant sites on the Fe304-BC nanocomposite [95].

3.7.4. Adsorption kinetics

From Figure 5 (A), the determination of the adsorption kinetic mechanism of MB removal
with Fe304-BC nanocomposite was conducted by using experimental fitting of the kinetic data
with pseudo-first-order, pseudo second-order and two-phase pseudo-first order as well as intra-
particle diffusion models as shown in Fig.5 (B-E). The nonlinear term of the pseudo first order rate

model is expressed by equation (9) [96].

Where, ge and g: are the amount of MB adsorbed on Fe304-BC nanocomposite at equilibrium and
time ¢ (mg/g) and k; is the first order rate constant (min’!).
The nonlinear solution of the pseudo second order model can be expressed by equation (10) [97]

— (qug)t (10)

- 1+k1qet ...................................................

q:

where g is the amount of MB adsorbed per unit mass of Fe304-BC nanocomposite at equilibrium
(mg/g), g: 1s the amount of MB adsorbed at contact time ¢ (mg/g) and kzis the pseudo second order

rate constant (g/mg min)[98].
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The nonlinear solution of the two-phase pseudo-first order model is shown in Eq. (11) [99]

A = QePrase|L — exp(—k;juat)] + qe (1 — bpase) [1 — exp(—kjgout)] ... (1)

where ¢: is the amount of MB adsorbed at contact time ¢ (mg/g), g is the amount of MB adsorbed
per unit mass of Fe304-BC nanocomposite at equilibrium (mg/g), ¢rs: is the fraction of the
adsorption capacity attributed to fast adsorption, ki as: 1s the fast adsorption reaction pseudo first
order reaction rate constant and ki, siow is the slow adsorption reaction pseudo first order reaction
rate constant.

The pseudo first order, two-phase pseudo-first order and second order kinetic models were
described as non-linear plots and their results for the removal of MB onto Fe304-BC
nanocomposite as shown in Table 1. The kinetic models were estimated with correlation
coefficient (R?) value in which pseudo second order (R? = 1) and two-phase pseudo-first-order
(R? =1) are higher than the pseudo first order (R? = 0.9999). From the kinetic models, the pseudo
second order and two-phase pseudo-first-order provided a better description of the removal and
indicates that the adsorption of MB onto Fe3Os-BC nanocomposite rate limiting step is likely
chemisorption dominated by valence forces during the exchange and sharing of electrons [100,
101]. An important model providing information on adsorption process in the removal of MB with
Fe304-BC nanocompositeis the intra-particles diffusion model. This model is considered to
provide insight into the relative external adsorption uptake from the boundary layer at the
adsorbent surface or diffusion within the adsorbent [102]. If the Weber and Morris plot display a
straight line with passing during zero, the adsorption process is controlled by intraparticle diffusion

model and if the plot does not pass through zero it is not a diffusion rate-controlled process [103].
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Table 1 Kinetic parameters of the nonlinear forms of pseudo-first-order model, two-phase
pseudo-first-order, pseudo-second-order model, and intra particle diffusion model for
adsorption of MB onto Fe3O4-BC nanocomposite at 25 °C.

Kinetic Models Parameters Fe;04-BC
nanocomposite
Pseudo-first-order ge (mg/g) 14.96
ki (1/min) 0.9086
R? 0.9999
Two-phase pseudo-first-order ge (mg/g) 14.99
Kifast (1/min) 125.1
Kisiow (1/min) 0.09244
R? 1.000
Pseudo-second-order ge (mg/g) 14.99
k2 (g/mg.min) 0.9659
R? 1.000
Intra-particle diffusion Kin,1 (mg/g.min""?) 0.07201
Ci1 (mg/g) 14.64

Kin2 (mg/g.min"?) 0.001741
Ci2 (mg/g) 14.96

R? 1.000
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Figure 5 (E) shows the linear plot q: against t'2 was obtained by the intra-particle diffuse
model, also known as the Weber-Morris model [104]. The linear plot indicated the MB which was
adsorbed from the boundary layer at the surface of the Fe304-BC nanocomposite. The system was
not limited by a rate controlling adsorption process of MB onto Fe304-BC nanocomposite because
of line did not pass through zero [105]. The kinetic data were applied to equation (12) as given

below.

Where, kint is the intraparticle diffusion rate constant (mg/g min'?), Ci is the intercept based on the
thickness of outer layer and confirms that the adsorption of MB onto Fe304-BC nanocomposite
was a multi-step method connecting adsorption onto outer layer surface and diffusion into the

inside pore [106]. The results were calculated from Figure 5 (E) and reported in Table 1.

3.7.5. Effect of concentration MB and adsorption isotherm

Different initial concentrations of MB (5-30 mg/L) were evaluated for adsorption behavior
with a constant adsorbent dosage of 50 mg in 50mL, temperature of 25 °C and a pH 6.5 and the
results are shown in Fig.6(A). The percentage efficiency (99.77-99.83 %) was increased with
increasing concentration range of MB (5 -15 mg/L) and additionally percentage removal of MB
was decreased with increased concentration MB (20-30 mg/L) and digital image of after adsorption
is shown in Fig.6(A) (insert). The equilibrium adsorption capacity was increased as the initial
concentration of MB, while the removal of MB decreased as the initial concentration increases as
shown in Fig.6(A). This means that the driving force for mass transfer of MB towards adsorbed

on the active site of Fe3O4-BC nanocomposite surface [107].
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Figure 6 (A-D). (A) Effect of initial concentration of MB on adsorption with Fe30s-BC
nanocomposite with nonlinear plot, (B) Nonlinear Langmuir isotherm model,

(C) Nonlinear Freundlich isotherm Model and (D) Nonlinear Tempkin

isotherm model.

The adsorption results were investigated by using different isotherm models viz. Langmuir,
Freundlich, and Tempkin isotherms to find the maximum adsorption capacity (qm) of the Fe3Oa-
BC nanocomposite at equilibrium for the different initial concentrations of adsorbate of MB by
using equations 4, 6 and 7. The Tempkin model presented the best fit with the correlation
coefficient R>=0.9914 and the Langmuir model (R? = 0.9685), the fits are shown in Fig.6(B-D).
These results indicate that the adsorption process was likely characterized by uniform binding

energy, favoring single layer adsorption on a homogeneous surface [108-111]. The adsorption
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equilibrium parameters were shown in Table 2. The Fe3O4-BC nanocomposite demonstrated

comparable adsorption capacity for removal of MB from wastewater.

Table 2 Nonlinear forms of isotherm models parameters for adsorption MB onto Fe3Os-BC
nanocomposite at 25 °C.

Isotherm models Parameters Fez04-BC

nanocomposite

Langmuir model

R? - 0.9685

qm mg g’! 62.1

K L mg! 12.0

RL - 0.0164 —0.00277

Freundlich model

R? - 0.9507
I/n - 0.700
Kr (mg/g)(L/mg)"" 183.5

Temkin model

R? - 0.9914
Kr L/mg 130.6
br J/mol 194.3

3.7.6. Thermodynamics
The effect of the temperatures298, 308 and 318 K on the adsorption of MB (15 mg/L) onto

Fe304-BC nanocomposite (50 mg/50 mL) was determined and consequently the free energy (AG),
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enthalpy (AH), and entropy (AS) of adsorption were determined. These values were calculated by

using the following equation (13-16) [112].

AG = -RTINKL «.oeveeeeeeeee e (13)
K, = 2— ......................................................... (14)

AG=AH=TAS ......oooiiiieiieeieeeieeeeeeeee L, (15)
INKp, = 2 = o (16)

de (mg/g) is the adsorption capacity of MB at equilibrium with Fe3O4-BC nanocomposite, Ce
(mg/L) is the equilibrium MB concentration, R is the gas constant (8.314 J/mol K), AG (kJ/mol)
is the Gibbs free energy of sorption which was calculated using equation (8). The enthalpy AH
(kJ/mol) and entropy AS (kJ/mol/K) of adsorption were obtained from the slope and intercepts of
the plot of InKv versus 1/T. The adsorption capacity increased with increasing temperature from
298 to 318 K as shown in Supporting Information Fig.S3 (A). The experimental results confirmed
that the adsorption was and endothermic process due to the positive AH (34.9061 kJ/mol) value as
shown in Supporting Information Fig.S3 (B) [113]. Fe304-BC nanocomposite displayed the
highest adsorption capacity at 45 °C due to the endothermic nature of the adsorption in which the
adsorption equilibrium shifted towards the adsorbed state with increased temperature [114].
Further the positive value of entropy change, AS (0.1698kJ/mol K) reflects the affinity of MB
between Fe304-BC nanocomposite is shown in Table 3. The calculated negative values of AG (-

15.4849, -17.8814, -18.8509 kJ/mol) indicates spontaneous nature of the adsorption process [115].
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Table 3 Thermodynamic parameters for the removal of MB by using Fe3O4-BC nanocomposite.

Temperature (K) AG (KJ/mol) AH KJ/mol) AS (KJ/mol)
298 -15.4849 34.9061 0.1698
308 -17.8814

318 -18.8509

3.7.7. Reusability-adsorption/desorption studies

Investigating the recycling of an adsorbent is a critically important part of the adsorption
study as it provides a measure of the reusability which would demonstrate an improved economic
advantage of the adsorbent and concomitantly minimized sludge yield. The removal of MB with
Fe304-BC nanocomposite was conducted at various pH values (see section 3.7.2). Markedly lower
removal of MB was observed in acidic medium with Fe3O4-BC nanocomposite as shown in
Supporting Information Fig.S4 (C). For the reusability study, initially 15 mg/L in 50 mL of
MB dye solution was adsorbed onto 50 mg of Fe304-BC nanocomposite for 2hrs at 180 rpm and25
°C. The adsorbent was magnetically separated and the supernatant was collected to determine the
residual concentration of MB in the solution by UV-visible spectroscopy. Subsequently the MB-
Fe304-BC nanocomposite was washed with distilled water and dried at70 °C for 6h. After drying
the 20 mL of 0.1 M HCl and 10 mL ethanol were added to theMB-Fe304-BCand stirred for 1h and
then filtered magnetically to evaluate the concentration of desorbed MB in the solution the same
way as for the absorption experiment. Additionally, separated Fe304-BC nanocomposite was
washed with distilled water and then dried in hot air oven at 70 °C to get regenerated Fe3O4-BC

nanocomposite for reuse. This cycling was repeated four times.
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The percentage of adsorption of MB versus cycle number was plotted as shown in
Supporting Information Fig.S4 (A). The Fe3Os-BC nanocomposite demonstrated good reusability
from the first to third cycles with adsorption efficiency (89.78 %, 87.82 % and 76.73 %) while the
adsorption efficiency (46.08%) decreased markedly with the fourth cycle. The UV-visible spectra
for the reusability-adsorption for four cycles, with a clarifying image, are shown in Supporting
Information Fig.S4 (B) (inset). Supporting Information Figure S4 (C) shows the plot of percentage
desorption efficiency versus number cycles and it was obtained by using equation (17).

% desorption efficiency = Mass of MB desorbed/Mass of MB adsorbed x100.............. (17)

The desorption efficiency of MB fromFe3O4-BC nanocomposite was evaluated as first cycle =
36.85 % and second cycle = 21.52 %, third cycle = 17.97% and fourth cycle = 7.86 %. The MB
recovery was also confirmed with UV-visible spectra with four desorption cycles as shown in

Supporting Information Fig.S4 (D).

3.7.8. Comparison of kinetic and isotherm parameters to previous studies

The system parameters measured in this study was compared to the corresponding
parameters from literature studies utilizing low cost carbonaceous adsorbents and shown in
Table 4. The parameters under consideration were the Pseudo first order reaction rate constant
(k1), the Pseudo second order reaction rate constant (kz), the equilibrium adsorption capacity from
the pseudo second order model (qe), and the maximum adsorption capacity obtained from the
Langmuir adsorption isotherm (qm). In addition, to facilitate comparison between the kinetic
parameters, the times to reach 99% of the equilibrium adsorption capacity from the Pseudo first
order model — using equation (9) — (PFO t99) and the pseudo second order model — using equation

(10) — (PSO t99) were calculated and shown in Table 4 for all the systems compared. It should be
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Table 4 Comparison of different system parameters dictating MB adsorption onto Fe304-BC nanocomposite with different adsorbents.

Adsorbent ki (1/min) PFO tg9 (min) k2 (g/mg.min) qe (mg/g) PSO tyy (min) qm (Mmg/g) Reference
i’}tgﬁ‘f’e”r‘grﬁga 0.05 92.1 0.000077 263.2 4872.28 270.27 27
Ficus ngca bast 0.02 224.64 0.00019 55.56 9378.2 47.62 38
Sevﬁ%i;:;dge 0.04 +0.03 498.26 + 724.49 0.05 + 0.08 15.81 £7.04 1124.73 +1177.47 24.1 39
wheat straw 0.03 159.9 0.0008 54.11 2287.01  60.66+ 1.61 45
Sorfg;‘;flll;faw 0.02 244.11+29.07 0.00035+0.00021 9536+ 67.17  3801.06 + 475.01 111.66 50
Ba;fﬁ:fel 0.06 + 0.03 95.63 + 56.3 0.0014  64.61 £30.67 1696.96 + 945.54 562 51
Wheat Shells 0.04 131.58 0.004 17.92 1381.14 16.56 52
Hazelnut shells ~ 0.12+0.09  73.94 + 61.83 0.04+0.08  36.73+£22.45 1098.13 = 1198.97 59.1 53
Walnut 0.1240.09  58.28 +39.94 0.13£0.22  3673+£2833  623.81 +687.56 59.17 53
Cherry 0.11£0.12  82.31+55.58 0.05£0.09  28.97£20.76 1313.53+1071.5 39.84 53
Oak 0.124£0.09  54.19 +29.97 0.13+0.22 194+129  421.16+349.06 29.94 53
Pitch-pine 0.11£0.1  66.09+39.76 0.13£0.22  18.87+12.25 630.3 + 502.84 27.78 53

naggzg;;g:;i . 0.91 5.07 0.97 14.99 6.84 62.1 This work
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noted that the PFO to9 is independent of ge and therefore provides a better comparison between
systems operated at different adsorbate concentrations. The table clearly shows that that the current
adsorbent has reaction kinetics between 1 and 2 orders of magnitude faster than other adsorbents
based on the PFO t99 values and up to three orders of magnitude faster to equilibrium based on the
PSO te9 values. In and industrial application utilizing a continuous treatment system this would be
invaluable as the fast kinetics mean a much lower residence time is required. This provides the
potential for a much greater volume turnover and faster treatment rate which, coupled with the
potential for continuous magnetic removal of the adsorbent, favorable adsorption capacity, and

good reusability, provides previously unprecedented scaling potential.

3.7.9. Adsorption Mechanism

The adsorption mechanism of MB with Fe304-BC nanocomposite process is explained as
shown in Supporting Information Fig.S5. Fe304-BC nanocomposite is a negatively charged
adsorbent due to the presence of OH, COOH and Fe-O groups on the surface. MB is appositively
charged dye because of quaternary ammonium, sulfur and nitrogen. The functional groups from
both adsorbent (Fe304-BC) and adsorbate (MB) effectively interacted which resulted in hydrogen
bonding, electrostatic interaction, and Vander Waals forces [116]. Additionally, The FT-IR spectra
and SEM were characterized before and after adsorption of MB onto Fe3O4-BC nanocomposite
adsorbent as shown in Supporting Information Fig.S6 (A&B). FT-IR peaks were not altered in
peak position however a few peaks were shifted - specifically the wave numbers from 3385 to
3409 cm™, 1118 to 1108 cm™, and 612 to 596 cm™! before and after adsorption of MB as shown in
Supporting Information Fig.S6 (A). This clearly indicate that the OH, C-OH and Fe-O in the

Fe304-BC nanocomposite played a crucial role in the uptake of MB from the wastewater solution
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and a less intense peak was indicated with dotted line, which is confirmed that MB adsorbed onto
Fe304-BC nanocomposite. SEM images also shows that the morphology of the adsorbent did not
change markedly after adsorption of MB due to good stability and better reusability as shown in

Supporting Information Fig.S6 (B).

4. Conclusions

In this study Fe304-BC nanocomposite was prepared by a hydrothermal method from raw
avocado peel (AVP) and FeCl36H20 as precursors. The Fe3Os-BC nanocomposite was
subsequently evaluated for the adsorption of MB dye from wastewater. Fe304-BC nanocomposite
was shown to have a higher surface area and smaller pore diameter than raw AVP. The adsorption
study showed good maximum adsorption capacity for the removal of MB from aqueous solution
(qmax = 62.1 mg/g). Good agreement with the experimental data of MB onto Fe30s4-BC
nanocomposite was obtained with the Tempkin and Langmuir isotherm models and pseudo-
second-order and two-phase pseudo-first-order kinetic models. Reusability of the Fe3Os-BC
nanocomposite revealed good adsorption-desorption capacities and good stability after four cycles.
Comparison of the system parameters with literature showed that the current system is between 1
and 3 orders of magnitude faster to equilibrium than previously reported which, coupled with the
magnetic separation, reusability, and relatively high adsorption capacity demonstrates that
theFe304-BC nanocomposite obtained from raw AVP has good potential to act as an economically

viable adsorbent for the removal of MB from wastewater.
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