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Abstract
Highly effective novel adsorbent  [CoFe2O4-humic acid(HA)] was synthesized by co-precipitation technique at pH 6 (H6) and 
pH 8 (H8). XRD, SBET and Zeta-potential measurements were used to study the physicochemical properties of the prepared 
nanoparticles. XRD results showed that the chemical treatment of  CoFe2O4 by HA causes the appearance of carbon as new 
active sites for adsorption process. Batch adsorption tests were achieved to eliminate anionic remazole-red (RR-133) and 
cationic methylene blue (MB) dyes. The obtained data showed that H6 and H8 solids calcined at 300 and 500 °C have higher 
adsorption rate for removing of dye than unmodified cobalt iron mixed oxide. The removal reached 100% after a period of 
dye contact time 2 min and 30 min for RR and MB, respectively. The uptake of RR and MB was much affected by the pH 
of dye solution. The pseudo-second-order kinetic model was the most fitted well and the adsorption process followed the 
Langmuir isotherm model. The adsorption of dye on adsorbent was chemisorption process. The as-prepared adsorbents can 
be regenerated and reused four times for both dyes. The efficiency of the prepared nano-samples and durability as adsorbent 
were accomplished.
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Introduction

Water purification has a great interest by scientific 
researchers all over the world. Dyes, such as malachite 
green, remazole-red (RR), methyl orange, crystal violet 
and methylene blue (MB) are the most common effluents 
discharged directly to water resources. MB and RR are 
being used in several applications including textile and 
paper industries [1, 2]. MB has some medical uses for 
many therapeutic and diagnostic procedures [1–3]. How-
ever, MB and RR are a carcinogenic, non-degradable 
materials and causes serious environmental problems 
against aquatic animals, plants and human beings [4]. The 
existence of dyes in aqueous environments undesirably 
affects their esthetic nature [5–10]. Some side effects have 
been reported for MB and RR at high dosage such as eye 
burns, chest pain, fast breathing, confusion and profuse 
sweating [11]. Therefore, removal of MB from the waste-
water is crucial. Adsorption is among current treatment 
technology for the removal of dyes from colored aqueous 
solutions [12].

Various technologies have been employed to remove 
organic dyes from industrial emissions such as coagula-
tion–flocculation, biological, adsorption, membrane, ozo-
nation, and advanced oxidation processes [12, 13]. Bio-
logical treatments are not sufficiently to adsorbed organic 
dyes and delight colored wastewaters due to the low bio-
degradability of organic dyes. Therefore, physicochemical 
processes have been used to degrade or remove organic 
dyes in aqueous solutions [13, 14]. Adsorption using 
solid adsorbent is one of the physicochemical treatment 
approaches, and has been established to be efficient and 
economical [14]. In spite of, activated carbon was the most 
widely adsorbent employed but it has been limited due to 
its high capital and operative costs [11, 15–17]. Therefore, 
there is an increasing request to improve novel materials 
for appropriating organic dyes from aqueous media.

Nanomaterials resulting from definite mixed oxides are 
progressively employed as nano-sorbents in water-treat-
ment technologies this due to nanomaterials have good 
sorption ability and excellent mechanical properties [18, 
19]. Nano oxides entice pollutants significantly due to 
their advantages in recovering, non-toxic, recycling and 
high biocompatibility [20, 21]. Stabilization of nanoparti-
cles is required as they are simply oxidized and agglomer-
ated in aqueous solution [22]. The modification of oxides 
by integrated with organic constituents for example poly-
acrylic acid [23], chitosan [24], alginate [25] or humic 
acid [26] for pollutant removal were the object of sev-
eral studies. Humic acid (HA) is a natural macromolecule 
derived from plant and animal decomposition in soil [27]. 
HA is a heterogeneous compound that has several groups 

such as carboxyl and hydroxyl groups. These groups of 
HA have good ability to bind metal ion in forming a com-
plex of metal-HA [28]. HA interaction with oxides might 
be excellently inhibiting the collision of particle adhesion 
during the calcination process. The binding of HA with 
oxides has good resulting on the adsorbing properties 
of the oxides as HA bond yields a poly anionic organic 
coating so modifications the surface properties of oxides. 
Several investigations designated that HA has high attrac-
tion to  Fe3O4 nanoparticles and raises the stability of nano 
dispersion by inhibiting agglomeration [29–31]. There 
are a lot of investigations shown the possibility of  Fe3O4/
HA to be used as an appropriate substance for removing 
rhodamine B [32] and adsorbing methylene blue [33]. 
Our previous work [34] investigated the effect of Fulvic 
acid on mixed metal oxides derived from iron and cobalt 
via controlled coprecipitation. The results indicated that 
 CoFe2O4 modified with Fulvic acid was an attractive can-
didate for removing textile (Remazole-Red (RR-133) dye 
from its aqueous solution and can be reused four times for 
dye removing, maintaining the same adsorption capacity.

This work is studying  CoFe2O4 nanoparticles that has 
been prepared at pH 6 and 8 in the existence/absence of 
HA extracted from peat soil. The materials of mixed oxides/
HA were established by mass ratios of mixed oxides and 
HA = 20:1. The physical and chemical characterization was 
scrutinized. The capability of the synthesized nanoparticles 
to degrade a carcinogenic pollutant textile dye as remazole-
red (RR-133) and/or methylene blue by controlling the 
removal condition was also investigated. The calculation of 
adsorption kinetics and isotherm of dye sorption was esti-
mated on pure and mixed oxides/HA.

Experimental

Chemical and preparation

Ferric nitrate [Fe(NO3)·9H2O] and cobalt nitrate 
[Co(NO3)2·6H2O] were Sigma-Aldrich products. All other 
chemicals were Prolabo Products and were employed as 
received. Cobalt ferrite  (CoFe2O4) was synthesized by wet 
chemical co-precipitation route [34, 35]. Briefly, the nitrates 
of cobalt and iron were dissolved in distilled water at a des-
ignated molar ratio (Fe/Co = 1). NaOH solution (1 M) was 
used as the precipitating agent. The metal nitrate solutions 
and NaOH were mixed in the presence/absence of humic 
acid by dropwise addition from three separate burettes into 
a combining reaction vessel containing 1 L of distilled 
water under mechanical stirring. The rate of addition was 
controlled to maintain a constant pH (6 or 8) during the 
co-precipitation process while the temperature was main-
tained at 70 °C. pH meter (Model 331) was used for pH 
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measurements. The precipitate was washed with plenty of 
distilled water until became free from  NO3

− and  Na+ ions. 
It was then filtered, dried at 100 °C overnight then calcined 
at 300, 500 and 700 °C for 4 h to achieve lattice formation, 
as is shown in Scheme S1 (c.f. Supplementary Data Section, 
reported in S1).

Techniques

The phase crystallinity and crystallite size were deter-
mined by X-ray diffraction (XRD) using Cu-Kα radiations 
(λ = 0.15406 nm) in 2θ range from 20° to 80° (Bruker AXS 
D8 advance). The crystallite size of the phases present in the 
pure  CoFe2O4 nanoparticles as well as the humic-modified 
samples was determined using the Scherrer equation (Eq. 1) 
[36]:

where d is the mean crystalline diameter, λ is the X-ray 
wavelength, K is the Scherrer constant (0.89), β1/2 is the full 
width at half maximum (FWHM) of the main diffraction 
peaks of the crystalline phase present and θ is the diffrac-
tion angle. The area of main diffraction peak of the present 
phases was used as a quantity for their degree of crystallin-
ity [37].

Quantachrome AS1WinTM-automated gas-sorption 
apparatus (USA) was employed to evaluate the surface char-
acteristics of the samples by physical adsorption of nitro-
gen gas at − 198 °C. Before each sorption measurement, the 
samples were degassed at 200 °C for 2 h. The adsorption on 
the samples was employed to determine the specific surface 
area (SBET) by applying Brunauer–Emmett–Teller (BET) 
equation [38].

Preparation of methylene blue and remazole‑red 
(RR‑133) solutions

A stock solution of the dye was synthesized by dissolving a 
convinced weight of the dye in bi-distilled water. The desired 
concentrations for adsorption tests were prepared from the 
stock solution by dilutions. A curve was used to conclude 
the concentration of each experiment after UV–Vis spectros-
copy measurements. This curve was used to convert absorb-
ance data into concentrations for kinetic and equilibrium 
studies.

Sorption studies and kinetic

Batch equilibrium technique was employed for the adsorp-
tion of reactive RR and MB dyes solution from aqueous 
solution. 100 mL of dye solution of identified primary 
concentration was shaken with 50 mg of the adsorbent and 

(1)d = K�∕�1∕2 cos �,

the mixtures were then kept at definite pH (at 25 ± 0.1 °C) 
for 3 h to reach equilibrium. Equilibrium isotherm stud-
ies were done with various primary concentrations varied 
between 10 and 100 ppm. Langmuir, Freundlich, Temkin 
and Dubinin–Radushkevich (D–R) isotherm models were 
employed to study the adsorption process.

The influence of dye concentration varying between 10 
and 100 ppm was examined also, at 25 °C, 50 mg adsor-
bent, contact time from zero to 3 h with stirring 150 rpm 
and at pH 7 using H6 and at pH 11 using H6 and H8 for RR 
and MB, respectively. Centrifuge of the solutions was at 
7000 rpm for 10 min and analyzed with UV–Vis spectropho-
tometer (Shimadzu UV/Vis1601 spectrophotometer, Japan) 
at appropriate wavelength of RR and MB dyes (i.e., 520 and 
664 nm, respectively).

The solution pH is important parameter that affects the 
adsorption performance of dye molecules. So, in our study 
the initial dye concentrations fixed at 50 ppm and pH range 
3–11 (using 0.1M of HCl and/or NaOH) using pH meter 
OHAUSSTARTER 3000). The effects of solution pH on the 
removal percentage (R%) were studied in presence of H8.

The effect of time was studied to decide the time to equi-
librium at pH 7 or 3 with preliminary concentrations 50 ppm 
at 25 °C. Kinetic experiments are the same to those of equi-
librium tests but within time reached to 3 h or equilibrium. 
The pseudo-first-order and pseudo-second-order equations 
were designated by the following equations (2 and 3, respec-
tively) [39, 40]:

where k1  (min−1) is the rate constant of pseudo-first-order 
adsorption, qt is the amount of dye adsorbed at time t (min), 
and qe is the amount adsorbed at equilibrium, both in mg/g.

where k2 (g/(mg min) is the rate constant of pseudo-second-
order adsorption.

The parameters of pseudo-first-order (qe, cal and k1) and 
pseudo-second-order (qe, cal and k2) values for Eqs. 2 and 
3 can be considered from the slopes and intercepts of the 
linear plots of log (qe − qt) against t and t/qt versus t, respec-
tively. Modified Weber and Morris equation was used to 
measure the intra-particle diffusion [41]:

where qt is the adsorption capacity at any time t and kdif is 
the intra-particle diffusion rate constant (mg/g min½) and C 
is the film thickness. Kdif and C values were designed from 
the slope and intercept of plots of qt versus t0.5, respectively.

In addition, Elovich kinetic model was applied [42]:

(2)ln
(

qe − qt
)

= ln qe − k1t,

(3)t∕qt = 1∕k2q
2

e
+ t∕qe,

(4)qt = kdift
0.5 + c,

(5)qt = � ln (��) + � ln t,
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where α (g/mg min) is the Elovich constant representing the 
initial adsorption rate and β (mg/g min) is the desorption 
constant.

The removal percentage of dye (R%) was calculated by 
the following equation:

where C0 and Ct are the concentration at time (t = 0) and 
time t, respectively.

The efficiency of the prepared nano-samples and durabil-
ity as adsorbent were accomplished. NaOH or HCl solution 
(0.1 M) was used to wash the adsorbent for 45 min according 
to the type of dye and then used for dye removal as formerly 
mentioned (Run 2). The same recipe was carried out for Run 
3 and Run 4.

Results and discussion

Characterization

The diffractograms of mixed oxides synthesized in the exist-
ence and absence of humic acid are presented in Figs. 1, 2 
and 3 and Table 1.

Figure 1 shows, as mentioned before in our previous 
work [34], that the co-precipitation carry out at pH 6 in the 
absence of any additives and heated at 300 °C (P6) car-
ried out with a portion of  Fe2O3 not intricate in the reaction 
(2θ = 33°) even though the major phase was cobalt ferrite 
(2θ = 35°). The existence of HA (H6 and H8) makes the 
process become more effective and no separate  Fe2O3 was 

(6)%R =
C0 − Ct

C0

× 100,

detected. The involvement of HA in the process (H6) led 
the formation of  CoFe2O4 with lower crystallinity and the 
individual components (oxides) disappeared completely. 
Conversely, at pH 8, C phase (2θ = 27°) appeared beside 
the formation of  CoFe2O4 in the presence of HA (H8). This 
can be described by the superior ability of HA to bind the 
individual oxides together at wide pH range.

The identical recipe was carried out in the same order 
with alteration that the calcination was 500 °C (Fig. 2). It can 
be seen that in the absence of HA at pH 6 (P6), the  CoFe2O4 
was formed together with  Fe2O3 after the calcination while 
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Fig. 1  XRD patterns of co-precipitations performed in the absence 
and existence of humic acid while calcined at 300  °C; 1 represents 
 Fe2O3, 2 represents  CoFe2O4 and 3 represents  Co3O4; and 4 repre-
sents C
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Fig. 2  XRD patterns of co-precipitations performed in the absence 
and existence of humic acid while calcined at 300  °C; 1 represents 
 Fe2O3, 2 represents  CoFe2O4 and 3 represents  Co3O4; and 4 repre-
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and existence of humic acid while calcined at 300  °C; 1 represents 
 Fe2O3, 2 represents  CoFe2O4 and 3 represents  Co3O4; and 4 repre-
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at pH 8 (P8) only  Fe2O3 phase was formed with a well-
defined crystalline structure. It was noticed that the insertion 
of HA at pH 6 and 8 (H6 and H8), both  Fe2O3 and  CoFe2O4 
were formed with distinct crystallinity. While, at pH 8 (H8), 
the presence of HA led to the formation of C phase beside 
the two phases  (CoFe2O4 and  Fe2O3).

For the samples calcined at 700 °C following the recipe 
prepared at pH 6 without HA (P6), both  CoFe2O4 and  Fe2O3 
were formed (Fig. 3). The presence of HA at pH 6 (H6) led 
to formation of both  Fe2O3 and  CoFe2O4 with lower crystal-
linity beside the presence of C phase. The existence of HA 

at pH 8 (H8) resulted in the formation of  CoFe2O4 beside C 
phase. This can be illustrated as shown in Schemes 1 and 2. 
Schemes 1 and 2 showed the interaction between HA and 
ferric ions at pH 6 and 8, respectively. Schemes 1 and 2 
showed that HA affected by pH of solution and this influ-
enced the interaction of it with ferric ions. This might reflect 
the role of HA in precipitation. The chemical treatment of 
 CoFe2O4 by HA causes the appearance of carbon as new 
active sites for adsorption process thereby enhances the con-
tents of active sites on the surface as will be discussed (c.f. 
“Effect of calcination temperature”).

Table 1  Effect of humic acid 
and calcination temperature of 
co-precipitation derived from 
 CoFe2O4 system on the peak 
area of the main diffraction 
peaks of  Co3O4,  Fe2O3 and 
 CoFe2O4 as well as crystallite 
size of produced  CoFe2O4

Solids Calcination tem-
perature (°C)

Peak area (a.u.) of diffraction lines peaks for the dif-
ferent phases

Crystallite size 
of  CoFe2O4 
(nm)

Fe2O3 phase C phase CoFe2O4 phase

P6 300 14 – 16 7.4
500 14 – 34 11
700 130 – 106 73

P8 300 – 12 16 3
500 68 – – –
700 – – 96 27

H6 300 – – 12
500 11 20 22 9.3
700 66 20 73 28

H8 300 – 33 11 3
500 – 67 30 8
700 – 34 41 14

Scheme 1  A proposed mecha-
nism of interactions between 
humic acid and ferric ion at pH 
6 before calcination
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Table 1 collects the features of the prepared  CoFe2O4 in 
existence and absence of HA at various pH values (6 and 
8). As a whole, it can be noticed that the crystallite size and 
degree of crystallinity are highly dependent on the pH of 
precipitation medium and calcination temperature.

BET analyses, the data collected in Table 2, clearly indi-
cate that the HA modification increases the surface area 
and improves the morphology of the prepared samples. The 
observed decrease in SBET values by increasing calcination 
temperature might be attributed to the increase in the crystal-
lite size of  CoFe2O4. It is obviously raising the calcination 

temperature of the as-prepared samples H6 and unmodified 
solids to 700 °C that has a negative effect on surface char-
acteristics. But, this is different in the case H8 sample. The 
increase of SBET of H8 might be due to pore widening.

Dye adsorption tests

The influence of primary dye concentration

Figure 4a–d shows the influence of primary concentration of 
RR and MB dye (from 10 to 100 ppm) in the presence of H6 

Scheme 2  A proposed mecha-
nism of interactions between 
humic acid and ferric ion at pH 
8 before calcination

Table 2  Surface characteristics 
and zero point charge of solids 
derived from different recipes 
after calcination at various 
temperatures

Solids Calcination tem-
perature (°C)

SBET Total pore volume Mean pore radius 
r− (nm)

Zero point 
charge 
 (pHpzc)

m2/g Vp,  cm3/g

P6 300 18 0 4.3 8.3 [ref. 34]
500 45 0.1 45 6.5 [ref. 34]
700 7.3 0.1 164 –

P8 300 22 0 37 8.6
500 34 0 5.2 6.7 [ref. 34]
700 21 0 29 –

H6 300 35 0.1 28 6.6
500 152 0.2 29 6.4
700 16 0 247 –

H8 300 21 0 37 6
500 69 0 0.6 5.9
700 119 0 2.7 –
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and H8 solid calcined at 300 °C. It is clear from Fig. 4 that 
there is an increase in the percentage of adsorption of MB 
and/or RR by decreasing dye concentrations in the solution. 
The uptake of H6 for 10 ppm of dye concentration reached to 
99.6 and 98.1% for RR and MB, respectively. These results 
may be due to the saturation of adsorption sites on the sur-
face of adsorbent. Adsorption removal of RR decreased in 
small value by increasing the dye concentration. The uptake 
of RR above 50 ppm was decreased by 5% than the other. 
But MB adsorption decreases significantly with large value. 
By noticing Fig. 4c, d, we can see that increasing the initial 
concentration of MB from 10 to 100 ppm in the presence 
of H6 and H8 led to significant decrease in the adsorption 
removal percentage. This difference in adsorption behavior 
may be related to the difference in the nature of anionic and 
cationic dyes. However, the initial dye concentration will be 
constant at 50 ppm in all the experiments of adsorption of 
RR and/or MB dyes for different prepared solids.

Effect of calcination temperature

Adsorption of RR on the H6 and H8 adsorbents calcined at 
300, 500, 700 °C were studied at initial dye concentration 
50 ppm, pH 3, temperature 25 °C and an adsorbent dose 
50 mg. Figure 5a, b shows the percentage of dye uptake 
plotted against time (min). We concluded from this figure 
that: (1) the removal percentage of RR reaches equilibrium 
at 2 min only on H6 and H8 samples calcined at 300 and 
500 °C and reached in 5–7 min for adsorbents calcined at 
700 °C. (2) The removal of RR at 300 and 500 °C has the 
same values (c.f. Fig. 5a). The removal qualification of RR 
dye at 300 and 500 °C was the highest (= 100%). This result 
can be discussed by observing the decrease in the crystallite 
size of the active phase  CoFe2O4 (c.f. Table 1), the appear-
ance of excess active sites for adsorption process as C phase 
and increasing the SBET for H6 and H8 samples calcined at 
300 and 500 °C (c.f. Table 2). (3) There is a small decrease 
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Fig. 4  Effect of initial dye concentration on the removal percentage of a RR onto H6 (300 °C) at equilibrium, b RR on H6 (300 °C) at pH = 7 at 
different times, c MB onto H6 (300 °C) at pH = 11 at different times, and d MB onto H8 (300 °C) at pH = 11 at different times
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in the removal of RR by increasing the calcination tempera-
ture to 700 °C over H6 sample. The decrease of removal of 
H6 700 °C might be due to the increasing mean pore radius 
(r−) compared to r− of H6 300 °C and decreasing its surface 
area (c.f. Table 2). (4) On the other hand, in H8 solid, further 
increase in the calcination temperature to 700 °C led to a 
small increase in the time required to reach equilibrium. (5) 
In addition, the removal efficiency over H8 (700 °C) was as 
the same as the solid calcined at 300 and 500 °C, where the 
RR uptake attained 99.6%. This high performance could be 
attributed to a significant increase in the SBET of H8 (700 °C) 
comparing with H8 (300 °C).

Therefore, the adsorption efficiency of H6 is at 
300 ~ 500 > 700 °C, but in the H8, the efficiency is not 
affected by increasing calcination temperature.

Finally, we can conclude that both of H6 and H8 calcined 
at 300 °C and 500 °C are more preferable for dye uptake than 
calcined at 700 °C in terms of energy saving. Therefore, in 
the next sections, we will concern in our study with studying 
over H6 and H8 calcined at 300 °C and 500 °C adsorbents.

Effect of solution pH

The adsorption of RR and MB on H6 and H8 calcined at 
500 °C was studied in different pH range of dye solution 
(3–11) as shown in Fig. 6a–e. Figure 6 shows that: (1) the 
percentage of dye removal of RR increases by decreasing 
the pH value. (2) The removal of RR at pH 3 at equilib-
rium reached to (100%, 48.19 mg/g) in both H8 and H6 
solids. But, when the pH is increased to 5, the maximum 
RR adsorption decreased to 98%, and 97% for H8 and H6 
solids, respectively. Further decrease occurred in removal 
with increasing pH value to ≥ 7. In the same manner pH 11, 
the removal reached 80% and 92.8% in H8 and H6 solids, 

respectively (Fig. 6a–c). (3) On the other hand, the behavior 
is completely different in studying the effect of pH of MB 
dye solution on the removal over H6 and H8 adsorbents cal-
cined at 500 °C. This means that the adsorption capacity of 
MB increases by increasing pH value from 3 to 11 as shown 
in Fig. 6d–e. The previous behavior can be related to the 
adsorption mechanism.

Explaining the mechanism of interaction between H6 and 
H8 (500 °C) adsorbents and the applied dyes requires deter-
mining the surface charges by Zeta-potential measurements. 
The Zeta-potential of H6 and H8 (500 °C) was drawn as 
shown in Fig. 7a–b. It was observed that H8 and H6 (500 °C) 
solids have negative Z-potential at pH ≥ 7, indicating that 
they possessed negative surface charges, so, the uptake of 
anionic dye (RR) decreased but in the case of cationic dye 
(MB) increased simultaneously at this high pH value. On the 
contrary, the surface became positively charged at pH < 6 
and unlike the above in the removal of RR and MB clearly. 
Hence, at pH 3, a significantly high electrostatic attraction 
takes place between the positively charged surface of the 
H6 or H8 (500 °C) and anionic dye RR. On the other side, 
at pH 11, MB makes high electrostatic attraction with the 
negatively charged surface of solids.

The  pHpzc of H6 and H8 is tabulated in Table 2, last col-
umn. It was found that  pHpzc values of H6 and H8 are 6.4 
and 5.9, respectively. It is known that, as the pH increases 
(> pHpzc), the amount of sites have positive charged 
decreases and the number of sites have negative charged 
increases. Applying dye adsorption over both adsorbents at 
pH = 11 > pHpzc, the surface becomes negatively charged due 
to the presence of functional group such as  OH− group, MB 
cationic dye adsorption is more preferable than anionic dye 
(RR) adsorption (Fig. 6a, d). Whereas, the surface turns out 
into positively charged at pH = 3 < pHpzc, However, anionic 
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Fig. 5  Effect of calcination temperature on the removal percentage of RR by H6 and H8 nanomaterials calcined at different temperatures
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dye RR is favored. According to the previous results, at 
high pH values ≥ 7, the adsorbents surface is negatively 
charged and the decreasing (RR) adsorption of dye due to 

the electrostatic repulsive occurs as expected. In the same 
way, the decrease of adsorption (MB) cationic dye molecules 
happens at low pH < 7 because of electrostatic repulsive.

Fig. 6  Effect of solution pH on the adsorption of a RR by H6 and H8 b RR by H8 c RR by H8 d MB by H6 and H8 e MB by H8 calcined at 
500 °C
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Therefore, the optimum pH for higher MB and RR 
removal from aqueous solution is 3 and 11, respectively, 
over different solids.

Effect of time and intercalation of HA

Figure 8a–c shows the effect of solids’ modification with HA 
on the efficiency of the as-prepared solids calcined at 300 
and 500 °C toward removal of RR dye as a function of time 
(at certain conditions as reported in “Experimental” sec-
tion). According to Fig. 8a–c, it is clear that (1) the removal 
of RR dye at pH = 3 after 2 min for H6 and H8 reached 
equilibrium(very quickly) with removal 99.8 and 94% for 
solids calcined at 300 and 500 °C, respectively. (2) But, the 
R% of the unmodified solids P6 and P8 takes approximately 
10 min to arrive to equilibrium. (3) A significant decrease 
in the RR removal percentage (at pH 7) onto P6 and P8 
calcined at 500 °C, which attained 45.5 and 61.7% less than 
treated solids, respectively. These decreases in anionic dye 
removal may have been due to an increase in the negative 
surface charge of these adsorbents due to the high value of 
the dye solution pH = 7 (> pHpzc), where  pHpzc for P6 and P8 
calcined at 500 °C was 6.5 and 6.7, respectively, as obtained 
in Zeta-potential results [34]. The apparent decrease may be 
related with the absence of  CoFe2O4 active sites, increas-
ing the mean pore radius and/or decreasing the surface 
area (Tables 1, 2). (4) P6 and P8 calcined at 300 °C, the 
uptake decrease attained to 33.3 and 9%, respectively. This 
decrease in dye removal may be related to decreasing its 
surface area (SBET = 18.4 m2/g, c.f. Table 2). On the other 
hand, the decrease in uptake over P8 that calcined at 300 °C 
does not exceed 9%. This may be related to the presence of 
various active sites as  Fe2O3,  CoFe2O4, and C or decreas-
ing the crystallite size of the active sites  (CoFe2O4) which 
attained to 3 nm (c.f. Table 1), which makes a certain push 

to the surface to improve its absorbance quality despite the 
limited value of its surface area. (5) Increasing pH value 
of the precipitated solution reaching to pH 7 for H6 and 
H8 calcined at 300 °C led to a minor decrease in the dye 
removal percentage, but no change was observed for other 
H6 and H8 calcined at 500 °C, where the two curves of RR 
uptake are coincided.

To show further the effect of changing pH of the  CoFe2O4 
precipitated modified with HA through co-precipitation prep-
aration on the surface charging, Fig. 8d shows the removal of 
MB dye at equilibrium over H6 and H8 (300 °C) at different 
dye concentrations (pH 11). This figure refers that there is a 
small decrease in the removal of MB for H8 comparing with 
H6. On the other side, there is an increase in the MB removal 
for H6 solids higher than H8 solids calcined at 300 °C. This 
result may be explained by noticing Fig. 7b, which shows that 
at pH 11, the Zeta-potential of H6 is higher than H8, which 
attained 60.3% increase in the negatively surface charges. 
This result reflects the reason of the previous observations 
in Fig. 8d, which shows the decrease in %R of MB for H8. 
However, under highly alkaline conditions, deprotonation on 
the surface of H6 forms  OH− and the electrostatic interaction 
between H6, cationic dye, and the increase in the negative 
charges causes the approach of cationic dye to H6, leading 
to an increase in the adsorption efficiency. But the process is 
totally different in treated solids calcined at 500 °C, and the 
negative surface charges are nearly the same. This result indi-
cates that changing the surface charge of the adsorbents asso-
ciated with the presence of HA and/or calcination tempera-
ture influences the type of concentration of electric charges 
and the electrostatic interactions among particles [34].

Therefore, we can conclude that the efficiency of RR 
dye uptake was significantly improved by intercalation HA 
through co-precipitation method and this emphasizes the 
role of acidic character of functional groups as carboxyl and 

Fig. 7  a The Zeta-potential of H8 and H6 (500 °C) at different pH, b the Zeta-potentials of different solids at pH 11
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phenolic groups which resulted in increase in the percentage 
of positive electric charges at the surface of the adsorbent. 
Therefore,  pHpzc of H6 H8 was lower than unmodified one 
(Zeta-potential results, Table 2). However, at pH 3 < pHpzc, 
100% uptake of RR through 2 min can be as a result of the 
electrostatic attraction between the positive surface charge of 
H6, H8 solids and negatively charged dye molecule, decreas-
ing the crystallite size of  CoFe2O4 active phase accompany-
ing with increasing carbon active sites, and/or increasing the 
surface area.

Therefore, it can be noticed that the RR removal % 
increases as: H8 ≈ H6 > P6 > P8 calcined at 500 °C but the 
removal for both dyes H6 ≥ H8 > P8 > P6 calcined at 300 °C.

It is known that HA is highly acidic organic matter by rea-
son of carboxylic and phenolic groups, with minimum liberal-
ity from the aliphatic- and enolic-OH groups. Its total acidity 
ranged from 1 to > 14 mol/kg and the pKa for most acidic 

functional groups is between 5 and 7 [43]. This indicates high 
acidic character, so, many charged and highly polar func-
tional groups like carboxyl groups (COOH) release hydrogen 
ions, resulting in increase in the percentage of positive elec-
tric charges at the surface of the adsorbent. Therefore, the 
enhanced uptake of RR at pH 7 (natural pH) can be attributed 
to the electrostatic forces of attraction between the positive 
surface charge of the H6 and H8 solids and negatively charged 
dye molecule. Conversely, at pH > 9, the electrostatic repul-
sion force will be occur and decreasing the removal of dye.

The previous results referred that the intercalation of HA 
can improve the colloidal efficiency, relying on the chemical 
adsorption conditions (e.g., pH), the properties of particles 
(e.g., PZC) and the control of pH through co-precipitation 
step.

Finally, we can say that the synthesized samples using 
HA in co-precipitation process were shown to be hopeful 
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Fig. 8  Effect of contact time and intercalation on the removal per-
centage and adsorption capacity of RR by unmodified and modi-
fied nanomaterials a, b (dye conc. = 50 ppm, and pH = 3) calcined at 

300 °C, c (dye conc. = 50 ppm, and pH = 7) calcined at 500 °C, and 
d on the removal % of MB onto H6 and H8 at different dye conc., 
pH = 11
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adsorbents for the removal of textile dyes from aqueous 
solutions. This is further emphasized by comparing the 
maximum adsorption capacity of textile dyes with dif-
ferent adsorbents with qmax of treated solids as shown in 
Table 4.

Adsorption isotherms

Four models for equilibrium adsorption isotherms were 
applied [40]. The models are Langmuir, Freundlich, Tem-
kin, and Dubinin–Radushkevich (D–R). To examine the best 
fitting model, standard error and correlation coefficients (R2) 
were used. Different isotherm parameters, correlation coef-
ficients, and standard errors are listed in Table 3.

Langmuir isotherm

The Langmuir model is employed and the values of  qmax 
were determined by applying the linear form of Langmuir 
equation [39, 40, 44].

The plots of Ce/qe vs. Ce for adsorption RR and/or 
MB over H6 and H8 solids calcined at 300 °C are pre-
sented in Fig. 9a. The value of correlation coefficients, 
R2 (0.993–0.995) and lower value of standard error χ2 
(0.011–0.017) for RR and MB were observed referring 
that the adsorption data followed the Langmuir isotherm 
model (c.f. Table 3).

RL is the dimensionless separation factor at equilibrium, 
which is utilized to assess if (0 > RL < 1), the adsorption 
process will be satisfactory, but if (RL = 1) or (RL > 1), the 
adsorption process will be unfavorable or irreversible. RL 
was calculated using the following equation (7):

(7)RL =
1

1 + C0KL

.

The values of RL (0.013–0.112) for RR and 0.025–0.348 
for MB dye were obtained and are listed in Table 3. The 
values of Qmax were 277. 77 mg/g for adsorbing RR over 
H6 (300  °C), but for adsorbing MB over H6 and H8 
(300 °C) were 27.01 and 34.36 mg/g, respectively.

The efficiency of the prepared H6 and H8 for dyes 
adsorption was further investigated by a comparison of the 
highest adsorption capacities of RR and MB over modified 
 CoFe2O4 adsorbents in this work with the other different 
adsorbents on the literature as shown in Table 4 [34, 39, 
42, 45–59]. It is clear that  CoFe2O4 modified possesses 
the highest maximum adsorption capacity for RR and 
MB. This directed that overall adsorption capacity of H6 
and H8 is rather than reported adsorbents, which reflects 
potential utility for the prepared adsorbents utilization in 
the applied dye removal.

Freundlich isotherm

Freundlich equation was employed to calculate the Freun-
dlich isotherm parameters [35, 36]. The plots of logqe vs. 
logCe for the adsorption of RR and MB onto H6 H8 solids 
calcined at 300 °C are shown in Fig. 9b, d. The Freundlich 
parameters are listed in Table 3. The less than unity val-
ues of 1/n referred to satisfactory adsorption process. The 
values of correlation coefficient (R2) (0.92–0.95) for both 
dyes showed that Freundlich isotherm was not proper to 
designate the data of the experiment.

Dubinin–Radushkevich (D–R) isotherm

Dubinin–Radushkevich was employed to predict whether the 
nature of adsorption procedure is physical or chemical [42, 
60, 61]. The linear form of D–R equation is given as (Eq. 8) 
[42, 45, 62]:

Table 3  Adsorption isotherms parameters for adsorption of RR and MB dyes onto H6 and H8 calcined at 300 ºC

a Langmuir equation Ce/qe = Ce/qmax + 1/(KL·qmax) [35,36, 40]
b Freundlich equation Logqe = logKf + 1/n logCe [35,36]

Samples Dye Langmuir isotherm  modela Freundlich isotherm  modelb

qmax KL RL R2 χ2 KF 1/n R2

H6 RR 277.77 0.818 0.013-0.112 0.993 0.012 7.783 0.679 0.989
H6 MB 27.01 1.203 0.025-0.206 0.994 0.011 3.064 0.263 0.944
H8 MB 34.36 0.585 0.051-0.348 0.995 0.017 2.923 0.387 0.989

Samples Dye Temkin isotherm model (D–R) isotherm model

KT
(L/g)

bT R2 qd
(mg/g)

β × 10−7 E
(kj/mol)

R2

H6 RR 13.225 49.597 0.954 112.393 0.02 15.811 0.755
H6 MB 59.201 658.152 0.987 22.511 0.400 11.180 0.933
H8 MB 10.958 411.267 0.981 24.352 0.700 8.451 0.841
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where qd is theoretical adsorption capacity (mg/g), R is 
gas constant, T is temperature, β is D–R isotherm constant, 
and ε = Polanyi potential. The plots of lnqe vs. ε2 (Fig. 9e) 
yielded the parameters of D–R isotherm. The apparent 
energy of adsorption (E kj/mol) was calculated using the 
following relationship (Eq. 9):

where E, qd, β and R2 are listed in Table 3. The results show 
poor correlation coefficient and the adsorption process of 
both dyes is chemical in nature because the (E) values were 
between 8 and 16 kj/mol.

Temkin isotherm

The linear form of Temkin isotherm model is given by the 
following equation [63–65]:

(8)ln qe = ln qd−��
2,

� = RT ln
(

1 + 1∕Ce

)

,

(9)E = 1∕(2�)
1∕2,

(10)qe = RT∕bT lnKT + RT∕bT lnCe,

where bT (kj/mol) is Temkin constant which is related to the 
heat of sorption, and KT (L/g) is the equilibrium-binding 
constant concerning to the maximum binding energy. We 
can get bT and KT from the slope and intercept of plotting qe 
versus ln Ce, which are recorded in Table 3.

In the comparison of the correlation coefficients R2 
and non-linear χ2 values for the applied isotherms, the 
Langmuir isotherms showed the highest correlation coef-
ficient (RR 0.993), (MB 0.994–0.995) and lower χ2 values 
(RR 0.010 and MB 0.011–0.017) appeared to be the best 
appropriate model for adsorption of RR and MB onto H6 
and H8 solids, which showed that sites of adsorption were 
energetically homogeneous.

Adsorption kinetics and mechanism of dye 
adsorption

It is important to determine the kinetics of the H6 and H8 to 
understand their adsorption property. Four different kinetic 
models were used to fit the experimental data. They are 
pseudo-first, pseudo-second order, intra-particle diffusion 
and Elovich model.

The plots of adsorption of textile dyes RR and MB on H6 
calcined at 300 °C. The parameters of pseudo-first order, 
pseudo-second order, intra-particle diffusion and Elovich 

Table 4  Comparison of 
maximum adsorption capacity 
of textile dyes with different 
adsorbents

No. Adsorbent Dye Max. adsorption 
capacity (mg/g)

References

1 Neem saw dust 3.6 [45]
2 Beer brewery waste MB 4.9 [46]
3 Cow dung ash 5.3 [47]
4 Coir pith carbon 5.9 [48]
5 Citric acid (CA)/ß-cyclodextrin (CD)/2-dimethyl-

aminoethylmethacrylate (PDMAEMA)
166 [49]

6 Chitosan/Fe3O4/graphene oxide nanocomposite 30 [50]
7 Magnetic g-Fe2O3/SiO2 (M–gFS) nanocomposite 27 [51]
8 CoFe2O4/H8 300 °C 34 Present study
9 CoFe2O4/H6 300 °C 27 Present study
10 TiO2-loaded chitosan-grafted polymethyl aniline RR 110 [52]
11 Fe2O3/MgO 37 [53]
12 MgO nanomaterials 77 [39]
13 Activated sawdust 8 [54]
14 Commercial charcoal 0.1 [54]
15 Activated carbon 60 [55]
16 Fly ash 59 [56]
17 Coconut mesocarp 4 [57]
18 Wood residues 0.7 [57]
19 Polyaniline/cerium oxide 19 [58]
20 CeO2–Fe2O3–Al2O3  (CFAH) 77 [42]
21 CoFe2O4/H6 300 °C 278 Present study
22 CoFe2O4 (F8, 300 °C) 42 [34]
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kinetic models are listed in Table S2 and Figs. S3 and S4 
(c.f. Supplementary Data Section).

We can find that the (qe
exp) of the applied nanomaterials 

for different concentrations are more close to the (qe
cal.) of 

pseudo-second order than pseudo-first-order kinetic model. 
In addition, the highest correlation coefficient (R2) val-
ues were obtained for pseudo-second-order kinetic model 
(R2 = 0.9821–1). Therefore, pseudo-second-order kinetic 
model is the best in describing the adsorption kinetics of 
RR or MB on different treated nanomaterials. Further-
more, we can observe that at low RR dye concentrations 
(< 50 ppm), the k2 values are higher than the values at high 
concentrations stressing the increase of removal activity at 
low concentrations.

The experiment data were obtained by applying intra-
particle diffusion model showing that the adsorption process 
displays multi-linear plot. The data gained of kdif1 and kdif2 
(diffusion rate constants for phases I and II, respectively) 
from the slope of linear plots ranged between 1.7057–0.0568 
and 1.037–0.041 (mg/min½ g), respectively. The plot of two 
dyes did not pass through the origin. Therefore, the rate 
determining in the dyes adsorption process might be the 
boundary layer (film) diffusion.

The Elovich constants can be calculated from the slope 
and intercept of the line obtained by plotting qt vs. ln t (c.f. 
Figs. S3 and S4).

These results inveterate that the adsorption process 
obeyed pseudo-second-order kinetic model signifying that 
two adsorption sites on modified adsorbent surface could be 
unavailable by one divalent dye ion probably as a result of 
the formation of [(RR−)2 and/or RR(OH)2

−] or [(MB+)2 and/
or  MBH2+] in aqueous solution. In addition, the rate-limiting 
step may be chemisorption, i.e., the electrostatic interactions 
between adsorbent positive charged and negatively charged 
dye molecule or vice versa.

We can predict the steps of adsorption process as the fol-
lowing: first, RR or MB transferred from the solution to 
the surface of H6 and H8. Then, the dye disperses from 
the exterior surface to interior pores of H6 or H8 through 
pore diffusion and finally, adsorption occurs in their active 
sites  CoFe2O4, C, and  Fe2O3 on the surface. The spectra 
of RR and MB solutions in the range of 400–900 nm were 
done over H6 (300 °C) and the results are shown in Fig. 10a, 
b. The maximum peaks of RR and MB were observed at 
520 nm, 663 nm, respectively. Figure 10a, b shows that the 
peaks at 520 nm, and 663 nm decreased quickly and disap-
peared after 2-min and 30-min reaction time, implying the 
complete removal of RR and MB, respectively.

Furthermore, to clarify the mechanism involved in the 
dye removal process, two important points should be taken 
in consideration: first, the dye structure, and second, the 
surface properties of H6 or H8. Therefore, treatment of 
 CoFe2O4 with HA led to the appearance of C phase as new 

active sites for adsorption process beside the two phases 
 (CoFe2O4 and  Fe2O3) and decreasing the crystallite size of 
 CoFe2O4 component thereby enhances the surface area of 
the modified adsorbent (Tables 1, 2). This likely increases 
the chemical interaction of MB or RR with treated solids as 
compared to unmodified adsorbents. In addition, the relation 
between the RR and MB structure and the surface charge 
of H6 and H8 solids will be taken in mind. Zeta-potential 
measurements in this study showed that the dye solution at 
a pH below the zero point charge  (pHpzc) of adsorbent led to 
the surface of the sorbent positively charged and can attract 
anion dye (RR) from the solution (Table 2). So, an electro-
static attraction exists between positively charge surface of 
the adsorbent and the negatively charge of RR (which due 
to the presence of three  SO3 groups on each molecule (c.f. 
Structure 1). Further poor adsorption has been observed in 
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Fig. 10  a Adsorption spectra of RR dye onto H6 (300 °C) at pH = 3, 
conc. = 10 ppm, and 25 °C. b Adsorption spectra of MB dye onto H6 
(300 °C) at PH = 11, conc. = 10 ppm, and 25 °C
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the basic pH range (pH > pzc). It may be due to the depro-
tonation of functional groups giving rise to the electrostatic 
repulsion with RR. On the contrary, further the adsorption 
of MB occurs if the solution was at a pH higher than the 
zero point charge  (pHpzc) of adsorbent which may be partly 
due to the electrostatic force operating between negatively 
charged groups present on the adsorbent surface and positive 
charge center of MB on the surface leading to the maximum 
adsorption of MB (c.f. Structure 2). 

All of the previous reasons probably increase the concen-
trated bonding and the chemical interaction between MB 
or RR and treated adsorbents as compared to unmodified 
 CoFe2O4 because of the easily penetrating of the dye mol-
ecule into the pores of H6 and H8 [65].

Desorption and reuse results

The RR desorption was possible with NaOH, whereas, the 
MB was desorbed using HCl. These returns confirm that 

the dye adsorption could be discussed through electrostatic 
interactions. Figure 11 shows the performance of H6 and H8 
(300 °C) adsorbents reusing for the removal of RR and MB 
from aqueous solution. The as-prepared adsorbents can be 
regenerated moderately and reused four times for both dyes, 
preserving nearly no change in removal efficiency.

Finally, we found that the novel adsorbents could be pre-
pared with simple synthesis and modification method, quick 
adsorption kinetics through 2 min has been accomplished, 
and the largest adsorption capacity has got it for H6 and 
H8 novel adsorbents even if it is used for several times. 
Therefore, treated samples were shown to be as excellent 
adsorbents and can be considered as a promising material 
in wastewater treatment.

Conclusion

Unmodified  CoFe2O4 solid and modified with HA were 
prepared via co-precipitation method. The ability of the as-
prepared solids to adsorb textile dye (RR and MB) from 
aqueous solution was investigated. Several factors impacted 
the adsorption capacity of these synthesized samples such 
as preparation condition, pH, initial concentration of the dye 
solution, time of attack for both cationic and anionic dyes 
were studied. The obtained results showed that H6 and H8 
materials achieved the goal, where the dye uptake reached 
100% after a period of dye contact time not exceeding 2 
min and 30 min for RR and MB dye, respectively. On the 
other hand, decreasing the pH of the MB dye solution led to 
decreasing the percent of dye removal. The vice versa was 
observed in the case of RR dye. Whereas, decreasing the 
concentration of dye solution led to increasing the adsorp-
tion capacity. Adsorption kinetic models as pseudo-first, 
pseudo-second order, intra-particle diffusion and Elovich 
model and adsorption isotherms models such as Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich (D–R) 
models were applied in this study. The results indicated that 
the sorption routes were superior fitted by pseudo-second-
order equation and the Langmuir model. The mechanism of 
dye removal from its aqueous solution over  CoFe2O4 modi-
fied with HA was proposed. In addition to that, H6 and H8 
can be reused four times for dye removing, maintaining the 
same adsorption capacity. H6 adsorbent is more ideal and 
has greater potential for practical applications in the future.
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Structure  1  Molecular structure of the reactive dye, remazole-red 
(RR 133)

Structure 2  Molecular structure of the cationic dye, methylene blue 
(MB)

Fig. 11  Dye removal percentage by the used H6 and H8 (300  °C) 
adsorbents recycled 4 times
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