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Highlights: 10 

• Fe3O4@AC nanoparticles were synthesised by co-precipitation methods for basic dye 11 

adsorption. 12 

• Maximum adsorption capacity of Fe3O4@AC was 138 mg/g for MB and 166.6 mg/g for 13 

BG dye. 14 

• Adsorption isotherms and kinetic and thermodynamic studies were also performed. 15 

• Reusable potential of adsorbent was also evaluated upto several cycles. 16 

Abstract: 17 

This study deals with removal of cationic dyes from simulated wastewater using Fe3O4 18 

nanoparticles loaded activated carbon. (Fe3O4@AC) nanoparticles were synthesised using co-19 

precipitation methods. The Fe3O4@AC nanoparticles (nps) were characterised using different 20 

techniques and TEM anaysis revealed that the synthesized nanoparticles were 6 to16 nm in 21 

diameter. A pHpzc of Fe3O4@AC nanoparticles was  7.8. BET surface area of Fe3O4@AC 22 

nps was found 129.6 m2/g by single point method and 1061.9 m2/g by multipoint method. 23 

Adsorption experiments were performed to optimize the process conditions such as pH, 24 

nanoparticles dose, temperature, and concentration of dye and contact time. The maximum 25 

uptake capacity of Fe3O4@AC was 138 and 166.6 mg/g for methylene blue and brilliant 26 

green dyes, respectively. In order to assess dye adsorption behaviour, adsorption isotherm 27 

models viz., Langmuir, Freundlich and Temkin were applied. Langmuir isotherm best fitted 28 

[R2= 0.993 (MB) and R2=0.920 (BG)] to the experimental data of both the dyes. Further, 29 

Pseudo-second order rate equation fitted better to the experimental data.  Reuse potential was 30 
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also investigated for both dyes and it is inferred from the data that the synthesised 31 

nanoadsorbent has promising reuse potential that can be used for several cycles. 32 

Keywords: Methylene Blue; Brilliant green; Co-precipitation; Isotherms; Kinetics.  33 

Introduction 34 

 Cationic dyes are extensively used in several industries such as packaging, textiles, 35 

paper and pulp, printing, leather, pharmaceutical etc. These dyes contain aromatic structure 36 

and azo groups (Yazdanbakhsh et al., 2011). Basic dyes [Brilliant green (BG) and Methylene 37 

blue (MB)] are often used by industries for colouring their products. These industries release 38 

dyes containing effluent into the wastewater streams that may cause several health problems 39 

including irritation in skin, eyes and gastro intestinal tract, vomiting, diarrhoea, coughing, 40 

vomiting etc (Saini et al., 2018; Zolgharnein et al., 2015). These dyes are toxic in nature and 41 

have non-biodegradable organic and inorganic compounds. These dyes also deteriorate the 42 

aquatic environment,. interrupt photosynthesis, growth of the aquatic life etc. Dye containing 43 

wastewater is hazardous and unfit to human life when discharged without any treatment 44 

(Joshi, S et al. 2018). Therefore, the treatment of dye laden industrial wastewater is 45 

unavoidable.    46 

Different techniques such as ozonation, adsorption, advance oxidation process etc. 47 

have been adopted for wastewater treatments. Amongst these, adsorption is found to be more 48 

efficient, promising and having easy approach for treatment of dye amalgamated industrial 49 

wastewater (Kataria at al., 2016; Saini et al., 2017). ]. However, choice of suitable adsorbent 50 

is hindered by several factors like cost; reuse potential, eco-friendly nature and field 51 

applications (Saini et al., 2017). Hence, it is important to develop and effective adsorbents. In 52 

recent times nanoadsorbents have emerged as a promising alternate. Nanoadsorbents can be 53 

employed for wastewater treatment due to their peculiar properties such as higher surface 54 

area, lesser production cost, higher efficiency, magnetic character etc. (Joshi et al., 2018; 55 

Kataria at al., 2016; Saini et al., 2017). 56 

 Recently, magnetite nanoadsorbents like Fe3O4@Ag/SiO2 [2], Fe3O4@Sawdust 57 

carbon and EDTA@Fe3O4@Sawdust carbon (Kataria and Garg, 2018), sodium dodecyl 58 

sulphate modified ZnFe2O4 (Mahmoodi, 2015) and Fe3O4 loaded activated maize cob (Tan et 59 

al., 2012) are reported to have been prepared by surface modification. It is evident from these 60 

studies that surface modifications enhanced the physical as well as chemical properties of 61 
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nanoadsorbents, so that they become more usable for remediation of pollutants from 62 

industrial wastewater (Joshi et al., 2018; Kataria and Garg, 2018).  63 

Activated carbon is extensively used for waste water treatment. But  its application is 64 

restricted due to cost. Filtration used in this process also make water turbid and removal of 65 

turbidity is also a matter of concern (Mahmoodi, et al., 2011). But on combining this 66 

traditional adsorbent with nanonoadsorbent may make the process easier and cost effective 67 

because nanosize particles are cost effective and have reusable efficiency (Haldorai and 68 

Shim, 2014). The purpose of choosing and synthesizing Fe3O4@AC nps is based on 69 

following hypothesis: a) Activated charcoal contains negative sites (O2- and OH-) and Fe3O4 70 

nanosphere also having enough O2- (negative) sites around Fe2+ and Fe3+ which interacts with 71 

the positive sites of cationic dyes. It can enhance the removal percentage and adsorption 72 

capacity for cationic dye. b) Prepared Fe3O4@AC nps adsorbent exhibits magnetic property 73 

so it can be easily separated from waste water and c) Reusability of nanoadsorbents is found 74 

better than other traditional adsorbents. In the present work, iron oxide nanoparticles loaded 75 

activated charcoal was prepared to apply for dye removal from aqueous medium. It was 76 

prepared by co-precipitation method. Cationic dye adsorption was investigated by 77 

experiments performed in batch mode. Adsorption behaviour and rate mechanism were 78 

investigated by isotherm and kinetics modelling. Further, reuse potential of Fe3O4@AC nps 79 

for cationic dyes were checked for several cycles. 80 

2. Experimentation  81 

2.1. Reagents & Materials 82 

Ferric nitrate hexahydrate, Tartaric acid, Sodium hydroxide pellets, Methylene blue 83 

dye (MB),Brilliant green (BG) dye and Activated Charcoal (phosphorous free) AR were 84 

purchased from SD fine-chemical Limited, Mumbai. AR grade of chemicals were used in the 85 

present study. More details of cationic dyes are given in Table S1. 86 

2.2. Preparation of Fe3O4@AC nanoparticles: 87 

 Modified co-precipitation process was adopted to prepare Fe3O4@AC nps (Joshi et al., 2018; 88 

Tan et al., 2012). In first stage, solution of FeCl3 (0.1M), Fe(NO3)3.9H2O (0.2M) and tartaric 89 

acid (0.05M) were prepared by mixing together in 100 mL double distilled water (DDW).  90 

The solution was stirred for 30 min. Thereafter, NaOH was added drop wise until brownish 91 

colour precipitates formed. Then, solution was stirred for 2hr and precipitate was filtered and 92 
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cleaned with DDW.  Iron oxide nanoparticles so obtained, were put in oven at 80 °C for one 93 

hr. In second stage, one gram of synthesised nanoparticles was mixed in 70 mL of DDW and 94 

two grams of activated charcoal (AC) was added in this using ultra sonication method to 95 

avoid particle aggregation. The resultant blackish precipitate so obtained was dried in oven at 96 

100°C for 120 min. to obtain the desired material. Scheme S1 shows the graphical 97 

representation of synthesis of Fe3O4@AC nps. 98 

2.3. Characterization and Instrumentation 99 

Particle Size:  100 

Dynamic light scattering (DLS) method was used to find out the hydrodynamic 101 

diameter of prepared Fe3O4@AC nanoparticless by Zetasizer instrument.  102 

XRD Analysis: 103 

The crystalline structure of Fe3O4@AC nps was investigated by XRD technique via 104 

(Rigaku miniflex II Diffractometer), by Cu-Kα X-ray radiations at room temperature in the 2θ 105 

range of 20°-80°at scanning rate of 2˚/min. 106 

TEM Analysis: 107 

Transmission electron microscopy was performed to investigate the particle size of 108 

Fe3O4@AC nps by means of FEI Tecnai G2 20 TWIN electron microscope at 200 KV.  109 

FTIR Analysis: 110 

To analyse the functional groups in the synthesised nanoadsorbents, FTIR study was 111 

performed using Shimadizu IR AFFINITY-1spectrophotometer using KBr powder pellet.  112 

SEM Analysis: 113 

The  elemental analysis and morphology of surface of Fe3O4@AC nps were estimated 114 

via Scanning electron microscopic (SEM) technique and Energy-dispersive X-ray (EDX) 115 

analysis which was performed by Merlin compact 6073 scanning electron microscope (Carl 116 

Zeiss, Germany). 117 

pH at point zero charge:  118 

The pH at point zero charge was calculated by early reported NaNO3addition method. 119 

Instrumentation details for characterisation are already reported in our previous studies. 120 

(Joshi et al., 2018; Saini et al., 2017). 121 

2.4. Batch adsorption experiments 122 

 Batch mode study was undertaken under dark conditions, to optimize the different 123 

parameters (dye concentration, pH, adsorbent dose, time etc.). Dye adsorption experiments 124 
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were performed in 50mL of 50 mg/L of MB and BG dye solutions in an Erlenmeyer flask at 125 

room temperature (27±1˚C) using orbital shaker. Shaking speed used was 200 rpm. 126 

Adsorbent dosages were changed from 0.010 g to 0.040 g/50mL, dye concentration used was 127 

between 30 mg/L to 100 mg/L, mixing time was 20-120 min and solution pH was set from 2 128 

to 10 by adding 0.01N solution of HCl or NaOH. The pH of solutions was measured by pH 129 

meter (Eutech Instruments, Singapore). UV-VIS spectrophotometer used to quantify the dye 130 

concentration. Centrifuge of Dye solutions containing Fe3O4@AC nps was performed at 131 

10000 rpm for ten minutes. Absorbance was measured at λmax 664 nm for MB dye and λmax 132 

626 nm for BG dye. Removal (%) of dyes and adsorption capacity for dyes were estimated 133 

using the following equations: 134 

���	�����	
	�%
 = ��� − ��

�� × 100																																																																																											�1
 

����������	�	�	����	���	
 =
��� − ��
	�

� 																																																																																			�2
 

Where m in grams represents the mass of Fe3O4@AC nps, Co in mg/L represent initial dye 135 

concentration, Ce in mg/L is equilibrium dye concentration, qe in mg/g represent amount of 136 

dye adsorbed per unit of the adsorbent at equilibrium and volume of dye solution is V (L).  137 

3. Results for discussion 138 

3.1. Fe3O4@AC nps Characterization   139 

Fig. 1a depicts the characteristic peaks of synthesized Fe3O4@AC nanoparticles in 140 

XRD patterns which were recorded  using X-ray diffractrometer at 2θ= 30.3°, 35.6°, 45.5°, 141 

60°and 65° and the observed peaks were matched to diffraction planes (511), (440), (422), 142 

(400) ,( 311), and (220), respectively. These observations matched with earlier studies (Loh  143 

et al., 2008; Seyedsadjadi et al., 2014; Ding et al., 2012).  144 

Fourier Transform Infra Red (FTIR) spectroscopy used in the present study was to 145 

find out the different functional groups and sites which are available for bindings of the 146 

synthesized nanoparticles. In Fig. 1b, the activated charcoal (AC) exhibits absorption bands 147 

at 3420 cm-1, 3120 cm-1, 2320 cm-1, 1725 cm-1 and 1178 cm-1. The broad peak at 3420 cm-1 is 148 

due to OH stretching of H-bond which shows the presence of hydroxyl group. The 149 

Fe3O4@AC exhibits absorption peaks at 2320 cm-1, 3420 cm-1, 1725 cm-1, and 1588 cm-1.  150 
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Here, two more peaks are observed at 698 cm-1 and 487 cm-1which show the presence of iron 151 

oxide in the prepared sample (Reza and Ahmaruzzaman, 2015). 152 

Scanning electron micrographs (Fig. 1c) were used to study surface morphologies and 153 

texture of Fe3O4@AC nps at different magnification. The SEM image reveals that the 154 

particles are not completely spherical. EDX image gives the elemental composition i.e. it 155 

contains iron, oxygen and traces of copper and chlorine as impurities as shown in Fig. 1d. 156 

DLS spectra were analysed using hydrodynamic size distribution of Fe3O4@AC nps. The size 157 

distribution of Fe3O4@AC nps was found in between 100-1000 d.nm as observed in Fig. 1e.  158 

Nitrogen adsorption–desorption isotherm plots between relative pressure (P/P⁰) and 159 

adsorbed volume (cc/g at STP) of Fe3O4@AC nps are shown in Fig. 1f. BET surface area of 160 

Fe3O4@AC nps at single point method and multipoint method was found to be 129.6 m2/g 161 

and 1061.9 m2/g, respectively. The values of BJH pore volume and pore diameter of 162 

adsorbent were 0.0206 cc/g and 3.6 nm, respectively.  Total pore volume and Average pore 163 

diameter were found to be 0.54 cc/g, and 16.6 nm respectively. 164 

TEM images are shown in Fig. 2a-d which reveal that nanoparticles are in the range 165 

of 6 -16 nm. Perusal of the Fig. 2 shows that the synthesized Fe3O4@AC nps are very fine 166 

and their cluster shows that activated charcoal is fully incorporated in Fe3O4 particles. SAED 167 

(selected area electron diffraction) pattern also indicates the low crystallianity of the 168 

synthesised Fe3O4@AC nps due to amalgamation of activated carbon as evidenced by broad 169 

diffraction rings in Fig. 2c. The pH at point of zero surface charge (pHpzc) of synthesized 170 

nanoparticles was 7.8, calculated from plot between ∆pH (pHi –pHf) versus pHi as given in 171 

Fig. 3a. At pH = 7.8, surface of material contains identical number of positive and negative 172 

charge functional groups or ions. 173 

3.2. Batch Adsorption studies 174 

3.2.1. The pH effect study 175 

For both cationic dyes such as MB and BG, effect of pH was investigated within the 176 

pH range from 2 to10. The present study was performed with 0.025 g/50mL of dose in 50 177 

mg/L of dye concentration at room temperature for 2 h. Perusal of the data presented in Fig. 178 

3b shows that with increase in pH from 2 to 10, dye removal was also increased from 84.3 179 

%to 100% and 55.6% to 91.8% for MB and BG dyes, respectively. The pH effect on dye 180 

exclusion can be understood by the competition between positive ions of cationic dyes and 181 
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H+ ions at low pH. The pHpzc of Fe3O4@AC nanoparticle was 7.8 (Fig. 3b). The pH below 182 

pHpzc, surface of adsorbent was positively charged which repel cationic dye molecules. With 183 

increase in pH above pHpzc, negatively charged surface of adsorbent attract positively 184 

charged dye molecules and number of H+ ions decreases rapidly causing less competition 185 

between H ions and cationic dye molecules adsorbed at active sites (Kataria and Garg, 2019). 186 

The result showed that the pH of the solution has significant effects on the adsorption, 187 

suggesting thereby that the ionization of the adsorbate and the surface charge are varied as 188 

the charge of pH of solution. The observed trend may also be explained as follows: At lower 189 

pH, the electrostatic repulsion between molecules of cationic dyes and H+ ions of adsorbent 190 

surface is higher which results in less dye removal. At higher pH values, the surface adheres 191 

negative charge and thus the competition for H+ ions becomes less which causes more dye 192 

removal (Wu et al., 2016; Ali et al., 2017; Saini et al., 2018).  193 

3.2.2. Initial dye concentration and its effect 194 

Fig. 3c depicts the effect of initial dye concentration (30 mg/L to 100 mg/L), on the removal 195 

of cationic dyes within the range of dye concentration, from the figure, showed the adsorption 196 

of dye molecules decreased with increase in dye concentration. At 30 mg/L, the removal was 197 

100% for both MB dye and BG dye while at 100 mg/L the removal was only 69.9% for MB 198 

and 83.8% for BG. This might be due to accessibility of additional active sites on adsorbent 199 

surface for dye adsorption at low concentration of dyes while due to less availability of 200 

surface-active binding sites with increase in dye concentration because of saturation of 201 

binding site with dye molecule (Rehman et al., 2013; Wu et al., 2016; Saini et al., 2018) the 202 

dye removal tendency decreases. 203 

3.2.3. Adsorbent dose effect 204 

Effect of adsorbent dose for adsorption of cationic dyes was performed using 50 mL 205 

of dye solution with 50 mg/L of dye concentration at room temperature for two hours. The 206 

adsorption was changed in the range from 0.01 to 0.04 g (Fig. 3d). For BG dye, with increase 207 

in adsorbent dose, dye removal was continuously increased from 73.8 to 100 %. Similar 208 

behaviour was viewed in MB dye i.e., removal was increased from 94.3 to 100 %. Both the 209 

dyes achieved maximum adsorption at 0.04 g dose and which was 100 %. It may be due to 210 

accessibility of additional active binding sites and surface area for cationic dyes with 211 

increased in adsorbent dose (Wu et al., 2016; Jia et al., 2016; Kataria and Garg, 2017; Joshi et 212 
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al., 2018). However, when the dosage becomes 0.04g, the adsorbents afford adequate number 213 

of active sites that react completely with the molecules of cationic dyes. 214 

3.2.4. Contact time and its effect 215 

Fig. 3e, f shows the effect of contact time which varied from 0.0 to 120 min for both 216 

the MB and BG dyes. The batch mode studies were conducted in 250 mL Erlenmeyer flasks 217 

with 50 mL of dye solutions of different dye concentrations (30-100mg/L) using 0.025g/50 218 

mL of adsorbent dose at 27±1˚C. There was fast enhancement in adsorption process with 219 

increase in contact time up to 20 min. It may be due to the availability of large number of free 220 

surface active sites for dye adsorption. Thereafter, was slight increase in dye removal and 221 

then attains equilibrium at 120 min. This suggests that no more active sites are produced for 222 

dye adsorption after the maximum surface area occupied by the dye molecule is attained 223 

(Duman et al., 2016; Kataria and Garg, 2019). 224 

3.2.5. Effect of thermal treatment 225 

The result of effect of temperature was obtained for MB and BG dyes, in range from 226 

10 to 50˚C, with 50 mg/L dye concentration for 120 min. It was found that both the dyes 227 

showed almost identical behaviour with respect to variation of temperature as shown in Fig. 228 

3g. The dye removal percentage was enhanced from 81% to 93.5 % for MB dye and 76.94% 229 

to 92.1% for BG dye, with increase in temperature. The phenomenon is attributed to the fact 230 

that the due to raise in temperature, the contact of dye molecules with the adsorbents surface 231 

active sites were also increases. Hence, it results in increased mobility and diffusion of 232 

cationic dye molecules in aqueous solution. The adsorption experiments were performed at 233 

room temperature (Bhagat et al., 2014; Kataria and Garg, 2017). 234 

3.3. Thermodynamic behaviour study 235 

Parameters of thermodynamics such as changes in, (∆S˚) entropy, (∆G˚) Gibb’s free 236 

energy and (∆H˚) enthalpy for the adsorption of cationic dyes on Fe3O4@AC nps have been 237 

investigated by using temperature variation experiments. Following equations are made 238 

(Saini et al., 2018; Smith and Ness, 1987) use of: 239 

!"# = −$%
�&' 																																																																																																																																			�3
 

&' = �)
�� 																																																																																																																																																			�4
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�&' =	−∆H
#

$% +	∆S
#

$ 																																																																																																																									�5
 

Where Kd is the equilibrium constant, R is gas constant (8.314 J mol-1K-1), T (K) is 240 

temperature and �)(mg/L) is the quantity of MB and BG dyes on the nanoadsorbent surface 241 

at equilibrium. The ∆H˚ and ∆S˚ were determined from the slope and intercept values of 242 

linear plots between lnKd and 1/T (Fig. 3h). Table 1 illustrate that the adsorption process for 243 

both the dyes is endothermic due to positive values of ∆H˚, which in turn indicates that both 244 

the dyes are absorbed by physical process (Kataria and Garg, 2017). The positive value of 245 

∆S˚ for MB dye (104.49 J mol-1K-1) and for BG dye (92.18 J mol-1K-1) confirm that the 246 

increase in the degree of mobility at the solid-solution interface which enhance the adsorption 247 

dye molecules. The adsorption feasibility and spontaneity for MB and BG dyes were 248 

ascertained by negative value of ∆G˚, which is illustrated in Table 1. 249 

3.4. Adsorption Kinetics 250 

Pseudo-first order (Langergren, 1898) and pseudo-second order (Mckay and Ho, 251 

1999) models were made use of to investigate the rate mechanism of adsorption of cationic 252 

dyes onto prepared Fe3O4@AC nps. The linear forms are represented by the following 253 

expressions.   254 

log��� − �2
 = 
�3�� − 4 56
2.3038 �																																																																																																			�6
 

� �2⁄ = 1 5;	��;⁄ +	� ��⁄ 																																																																																																																						�7
 

�2 = 5='�6 ;⁄ + �																																																																																																																																			�8
 

Where, (qe) at equilibrium time is the adsorption capacity, (qt) at time t is the adsorption 255 

capacity, k1 (min-1) is the rate constant for pseudo-first order, k2 (min-1) is the pseudo-second 256 

order rate constant. The parameters of kinetic models are illustrated in Table 2. It was 257 

calculated from the experimental data by applying linear regression analysis to the linear 258 

form of all the models. Fig. 4(a-d) depicts the linear plots of pseudo-first order and pseudo-259 

second order models. The values of k1, and qe were found by the plot of log (qe – qt) vs t for 260 

pseudo-first order model and the plot of t/qt versus t for the pseudo-second order model. The 261 

qe (calculated) value determined from plot is less than qe (experimental) value as illustrated in 262 

table for both the cationic dyes suggesting that the pseudo-first order was not best fitted while 263 

values of Pseudo-second order regression coefficient, (R2 = 0.999) of both the basic dyes are 264 
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bigger than that of pseudo-first order which shows the applicability of the later, Also the qe 265 

(cal) values are nearer to or almost equal to qe (exp) values obtained from adsorption 266 

experiments of both the dyes for pseudo-second order model. Hence, pseudo-second order 267 

model is best suited for both the dyes. 268 

For intraparticle diffusion model, kid is intraparticle diffusion constant and C is intercept 269 

which gives the approximate boundary layer thickness. The values of kid and C were getting 270 

from intercept and slope, respectively, of the curves of the plot between qt versus t1/2. 271 

Intraparticle model, assumed that both the dye molecules (BG and MB) were moving towards 272 

the pores of the adsorbents from bulk solutions through boundary layers (Kataria and Garg, 273 

2018a). Table 3 shows the higher values of C for MB and BG dyes which suggest the 274 

involvement of boundary layer thickness for cationic dyes adsorption. Two different linear 275 

curves are shown in Fig 4(e,f) suggesting the involvement of two stage process for both the 276 

cationic dyes adsorption. Firstly, bulk of dye molecules migrated towards boundary layer of 277 

adsorbent. Secondly, linear layer shows the intraparticle diffusion and then achieving 278 

equilibrium hence, the rate mechanism of cationic dye adsorption was controlled by 279 

intraparticle diffusion and boundary layer diffusion both. 280 

3.5. Equilibrium isotherm models 281 

Adsorption behaviour and interaction between adsorbent and dye molecules were 282 

interpreted using isotherm models (Langmuir, 1916).  Langmuir, Freundlich and Temkin & 283 

Pyzhev adsorption isotherm models were applied to the adsorption data to explain the 284 

adsorption equilibrium of cationic dyes onto Fe3O4@AC nps. Linear form of Langmuir 285 

isotherms model (Langmuir, 1918) is given as. 286 

��
�� =	 1

�?)@A +	 ��
�?)@

																																																																																																																										�9
 
Where b (L/mg) is the Langmuir constant, qmax (mg/g) is the maximum monolayer adsorption 287 

capacity.   288 

Freundlich isotherms model (Freundlich, 1906) may be represented by the equation: 289 


�3�� = 
�3&C + 1
� 
�3���10
 

Where Kf is a Freundlich constant (related to adsorption capacity) and 1/n is the heterogeneity 290 

factor (related to intensity of adsorption) and its value should be lie within 0 and 1 to make 291 

adsorption process favourable. The value of 1/n near zero indicates heterogeneous surface, 292 
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1/n less than 1, indicates chemisorption and 1/n greater than 1, indicates cooperative 293 

adsorption (Foo and Hameed, 2010, Kataria and Garg, 2019) 294 

Temkin isotherms model (Temkin and Pyzhe, 1940) is given by the expression: 295 

�� = D
�&E + D
���																																																																																																																										�11
 

Where R (8.314 J mol-1K-1) is the gas constant, B = RT/b, b (J/mol) is the Temkin 296 

constant which indicates the heat of adsorption, T (K) is absolute temperature and KT (L/g) is 297 

equilibrium binding constant.  Correlation coefficients and Model parameters for MB dye and 298 

BG dye are encapsulated in Table 3. The linear plots of isotherm models are shown in Fig. 299 

5(a-c). The highest correlation coefficient for MB dye (R2 = 0.993) and BG dye (R2 = 0.920) 300 

were found using Langmuir model. comparison of  studied isotherms models suggested that 301 

the Langmuir model  better described the adsorption of both the dyes than Temkin  and 302 

Freundlich  model. This shows the monolayer adsorption of cationic dyes on Fe3O4@AC nps. 303 

The maximum adsorption capacity of MB and BG dyes were 138.8 mg/g and166.6 mg/g, 304 

respectively. The adsorption capacities of MB and BG dyes with other reported adsorbents 305 

are listed in Table 4. This information suggest that the Fe3O4@AC nps have potential to 306 

remove cationic dyes from simulated waste water.  307 

3.6. Adsorption mechanism for dye removal onto Fe3O4@AC nps 308 

Adsorption by nanoparticles for cationic dye elimination is influence by several factors such 309 

as availability of functional groups, surface charge, pH etc .These factors determines the 310 

mechanism of the investigation related to dye adsorption behaviour (Kataria and Garg, 2019).  311 

In the present work, iron oxide nanoparticles loaded activated charcoal was prepared to apply 312 

for dye removal from aqueous medium. Here the possible mechanism was explained on the 313 

basis of surface charge and functional groups present on both the adsorbate and adsorbent 314 

system.  Activated charcoal contains negative sites (O2- and OH-) which interact with positive 315 

ions. Similarly, Fe3O4 nanosphere also having lots of available O2- (negative) sites around 316 

Fe2+ and Fe3+ atom which interacts with the positive sites of both the cationic BG and MB 317 

dye. Furthermore when we utilize iron oxide nanoparticles loaded activated charcoal 318 

Fe3O4@AC then we got more negative active available sites for our experimental system of 319 

basic dyes removal which enhances the interaction among adsorbent and adsorbate surface 320 

hence, there is increase in removal percentage and adsorption capacity for cationic dye 321 

removal by synthesised nanoadsorbent. (Saini et al., 2018). Fig.6 shows the possible 322 

adsorption mechanism for dye removal onto Fe3O4@AC nps. 323 
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3.7. Reuse Potential of Adsorbent 324 

In the present work, reusability of the Fe3O4@AC nps was investigated by performing four 325 

cycles of dye removal experiments as shown in Fig.5d. The adsorbent was separated from the 326 

aqueous medium by centrifugation, after the completion of adsorption experiments. 327 

Thereafter it was washed using ethanol and distilled water for a number of times then 328 

dehydrated in oven for few hours at 80 °C. The regenerated adsorbent was further used for 329 

adsorption of cationic dyes. In the first cycle the removal percentages for BG dye was 74.5% 330 

and for MB dye 79.2% respectively. After third cycle, the removal (%) was slightly reduced 331 

in for both the dyes and thereafter, became constant in fourth cycle as shown in Fig. 5d. It 332 

suggests that Fe3O4@AC nps have good reusable efficiency and can be used for several 333 

cycles. 334 

4. Conclusions.  335 

In this work Fe3O4@AC nps have been synthesised by co-precipitation method and 336 

exhibited good adsorption behaviour towards cationic dyes under the optimum process 337 

conditions. Further its efficiency was compared with other synthesised nanoadsorbents for 338 

cationic dyes removal and it was found to be more efficient than others. The maximum 339 

adsorption capacities for MB and BG dyes were found to be138 mg/g and 166.6 mg/g, 340 

respectively. Langmuir model is best fitted in dye adsorption data which indicates the 341 

monolayer adsorption of dye molecules on the surface of Fe3O4@AC nps. Pseudo-second 342 

order model was suited in both the cationic dyes adsorption data. This observation reveals 343 

that the Fe3O4@AC nanoadsorbent has a significant potential for the adsorption of MB and 344 

BG dyes from aqueous medium and can be reused for several cycles successfully. 345 
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Table 1: Thermodynamic parameters description of MB and BG dyes adsorption. 480 

Temp. 

(K) 

Methylene Blue (MB) Brilliant Green (BG) 

∆G⁰ 

(k J mol-1) 

∆S⁰ 

(J mol-1K -1) 

∆H⁰ 

(k J mol-1) 

∆G⁰ 

(k J mol-1) 

∆S⁰ 

(J mol-1K -1) 

∆H⁰ 

(k J mol-1) 

283 -3.263 104.49 26.46 -2.835 92.18 22.63 

298 -4.135   -5.008   

313 -5.194   -5.958   

328 -6.510   -6.660   

343 -7.912   -7.004   

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 
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Table 2: Kinetic models parameters description of MB and BG dye adsorption. 499 

 500 

Kinetic models Parameters Methylene Blue (mg/L) Brilliant Green (mg/L) 

30  50  100  30  50  100  

Pseudo-first 

order 

k1 (min-1) 

qe(cal) 

R2 

0.023 

2.06 

0.876 

0.064 

6.16 

0.768 

0.29 

15.17 

0.732 

0.037 

13.99 

0.8214 

0.033 

34.20 

0.956 

0.056 

33.52 

0.745 

Pseudo-second 

order 

k2  (g/mg min)                      

qe (cal)                          

R2 

0.013 

60.2 

0.999 

0.001 

100.0 

0.999 

0.001 

147.1 

0.990 

0.003 

62.9 

0.999 

0.002 

94.3 

0.999 

0.001 

185.2 

0.998 

Intraparticle 

diffusion 

kid (I) (mg g-1min-1/2) 

C (I) 

R2 (I)  

0.33 

56.2 

0.968 

3.86 

58.9 

0.983 

2.21 

103.6 

0.977 

5.23 

24.1 

0.999 

4.91 

50.4 

0.999 

14.56 

50.3 

0.999 

 kid (II) (mg g-1min-1/2) 

C (II)  

R2 (II)  

-- 

-- 

-- 

1.74 

75.85 

0.897 

7.89 

54.42 

0.947 

0.56 

54.18 

.801 

1.90 

69.36 

0.964 

1.29 

153.0 

0.895 

Exp. data  qe (exp) 60.0 95.5 139.8 60.0 90.0 167.5 
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Table 3 Adsorption isotherms model parameters description of MB and BG dye 
adsorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Isotherms model Parameters Parameters values 

  Methylene Blue Brilliant Green (mg/L) 

Langmuir  qmax(mg/g) 

b(L/mg) 

R2 

138.8 

1.26 

0.993 

166.6 

0.78 

0.920 

Freundlich 

 

1/n 

Kf(mg/g) 

R2 

0.222 

71.34 

0.923 

0.248 

73.14 

0.916 

Temkin 

 

bT 

KT (L/mg) 

R2 

178.8 

415.4 

0.972 

152.7 

233.4 

0.809 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 

 

Table 4 Comparison of adsorption capacities of various adsorbents for MB and BG dyes  

Adsorbent Dyes  qmax. (mg/g) Reference 

Magnetic Biochar MB 31.25 Mubarak et al., 2015 

 Mt/PANI/ Fe3O4
 MB 184.50 Mu et al., 2016 

Tea waste MB 85.16 Uddin et al., 2009 

PPY/Al2O3composite MB  134.77 Chen et al., 2016 

Fe3O4-graphene@ mesoporousSiO2 MB 139 Wu et al., 2016 

Fe3O4@Ag/SiO2 MB 128.4 Saini et al., 2018 

AC-Magnetic Iron Oxide Nps MB 47.62 Zargar et al., 2011 

Fe3O4–charcoal MB 97.5 Ahmed and Ahmaruzzaman, 2015 

ZnO@AC nps MB 32.2 Nourmoradi et al., 2015 

Ag NPs-AC  MB 71.4 Ghaedi et al., 2012 

Pd NPs-AC MB 75.4 Ghaedi et al., 2012 

Au NPs-AC MB 185 Roosta et al., 2014 

Acid Activated Carbon MB 60.6 Arivoli et al., 2010 

Fe3O4@AC nps MB 138 This study 

Carbon/Iron oxide nanocomposite BG 64.1 Ahmad and Kumar, 2010 

Nano-γ alumina BG 168.593 Zolgharnein et al., 2015 

Red clay BG 125 Jia et al., 2016 

ZnO nanoparticles BG 238.1 Kataria and Garg, 2017 

ZnO NP-AC BG 142.9  Ghaedi et al., 2014 

AC from Acron BG 2.11 Ghaedi et al, 2011 

Rice husk ash BG 25.12 Mane, et al, 2007 

Jute stem Activated Carbon BG  182 Asadullah et al., 2010 

Fe3O4@AC nps BG 166.6 This study 
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Fig. 1: a) XRD patterns of synthesized Fe3O4@AC nps b) FTIR spectra c) FESEM image d) EDX spectra e) DLS pattern of Fe3O4@AC nps 

and f) Nitrogen adsorption-desorption isotherms plot of Fe3O4@AC nps. 
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Fig 2 (a-d): TEM images of Fe3O4@AC nps  
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Fig. 3: a) pHpzc plots of Fe3O4@AC nps, b) Effect of pH, c) Effect of dye concentration, 

d) Effect of adsorbent dose e) Effect of contact time on adsorption of MB, f) Effect of 

contact time on adsorption of BG dye, g) Effect of temperature and h) Thermodynamic 

plot for MB and BG removal by Fe3O4@AC nps 
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Fig 4 (a,b) Pseudo first order plot for MB and BG dye, (c,d) Pseudo second order plot for MB and BG dye and (e,f) Intraparticle diffusion 

models plots of MB and BG dyesadsorption on Fe3O4@AC nps
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Fig 5: Adsorption isotherm plots for MB and BG dye removal by Fe3O4@AC nps (a) 

Langmuir isotherm plot (b) Freundlich isotherm plot (c) Temkin isotherm plot and d) 

Reuse potential of Fe3O4@AC nps for MB and BG dyes. 
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Fig 6: Possible Adsorption mechanism for dye removal onto Fe3O4@AC nps 
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Supplementary data: 

Table S1 Physico-chemical properties of MB and BG dyes 

Dyes  Methylene blue(MB) Brilliant green (BG) 

Molecular formula and 

structure 

C16H18N3ClS 

 

C27H34N2O4S  

 

Molecular weight (g/mole) 

Classification  

C.I. No 

C.I. Name 

Melting point (˚C) 

λ max (nm) 

319.85   

Basic dye 

52015 

Basic blue 9 

190   

664 

482.63 

Basic dye 

42040 

Basic green 1 

210 

626 

 

 

 

Scheme 1 Fe3O4@AC nps synthesis by co-precipitation method 

 


