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recommended by World Health Organization should not 
exceed 0.05  mg/L in drinking water [8, 9]. Conventional 
methods such as chemical precipitation [10], ion exchange 
[11], reverse osmosis [12], and adsorption [1, 2, 7, 13–15] 
have been used to remove chromium ions from different 
matrices. Among these techniques, reductive adsorption 
has been widely used due to its great removal capacity and 
easy operation where Cr(VI) is reduced to Cr(III) with sub-
sequent adsorption [16–18]. Iron containing adsorbents has 
proved rapid and effective removal of Cr(VI) combined 
with the advantage of easy magnetic separation, especially 
zero-valence iron (ZVI), due to its strong reducing ability 
[19, 20]. The problems with (ZVI) originate from its poor 
air stability, agglomeration, and dissolution in acidic solu-
tions [19]. Proper support has been reported to fix these 
problems and improve removal efficiency [6, 16]. Various 

1  Introduction

Decreasing water sources pollution is considered crucial 
and vital demand for the sustainability of life; especially 
the aqueous pollution due to toxic heavy metals emerging 
from industrial effluents [1–6]. Toxic hexavalent chromium 
is one of the top-priority heavy metal pollutants in waste-
water because of its severe effects on human health, such as 
liver damage, pulmonary congestion, vomiting, and severe 
diarrhea [7]. The permissible concentration of Cr(VI) as 
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carbon supports or composites have been widely reported 
in the literature due to their availability, chemical stability, 
and high adsorption capacity [21, 22]; however, scientific 
research efforts continued to provide new carbon sources 
with better properties or lower cost.

Carbon derived from lignocellulosic biomass and agricul-
tural wastes can be considered a potential candidate regard-
ing the cost-effectiveness of the process through solving the 
problems of both waste disposal and heavy metal pollution 
[23–29]. Sunkar et al. [30] utilized activated corn leaf carbon 
in the removal of acid blue dye 113 with adsorption capac-
ity reaching 336  mg/g while palm shell activated carbon 
was used in acenaphthene and naphthalene removal from 
aqueos solutions [31, 32]. Date palm (Phoenix dactylifera 
L.) stones (also called pits or seeds) are receiving attention 
nowadays among agricultural wastes due to their high car-
bon content, low price, and wide availability [33, 34]. The 
chemical composition of the date stones consists mainly of 
carbohydrates (55–65%) and crude fiber (10–20%), while 
the other minor components include: oil, protein, moisture, 
and ash. The crude fiber and carbohydrates are composed of 
23% hemicellulose, 15% lignin, 57% cellulose, and 5% ash 
[33]. Low-cost carbons derived from date pits biomass were 
applied successfully for the adsorption of various organic 
and inorganic contaminants from water [33]. Recently, 
Kumar et al. [35] used raw and modified date palm fiber in 
phenol adsorption and reported adsorption capacites reach-
ing 89.67 mg/g.

In this study, a series of mesoporous magnetic carbon 
adsorbents were fabricated by using date palm stones as 
the carbon source and ferric nitrate as the iron source. The 
carbothermic reduction in the nitrogen atmosphere was used 
as the synthesis method. The synthesized magnetic carbons 
were studied in Cr(VI)removal, and the optimum conditions 
of the process were reported.

2  Materials and methods

2.1  Materials

Date palm stones (DPS) were collected from dates in Egypt. 
Ferric nitrate nonahydrate (Fe(NO3)3.9H2O)(> 99.95%) 
was purchased from Sigma Aldrich. Ethanol (94%), Potas-
sium dichromate (K2Cr2O7, 99.5%), and 1,5-diphenylcar-
bazide(98%) were purchased from Alfa Aesar Company. 
Sulphuric acid (H2SO4, 99%) and sodium hydroxide 
(NaOH, 97%) was obtained from Fisher Scientific.

2.2  Preparation of milled date palm stones (MDPS)

Date palm stones (DPS) were washed well with water and 
dried in the air. Then, it was baked in the oven at 200◦C for 
25 min. The baked stones were grinded by porcelain labora-
tory mortar to fine powder less than 1 mm.

2.3  Synthesis of mesoporous magnetic carbon 
adsorbents (MMC)

The mesoporous magnetic carbon adsorbents (MMC) 
were synthesized by the carbothermic reduction method 
at different calcination temperatures. 10  g of MDPS was 
added to 50 mL ethanol containing 10  g of the dissolved 
Fe(NO3)3.9H2O. The mixed suspension was stirred for 
2 h at room temperature and then heated in a water bath at 
50oC to completely evaporate ethanol to obtain (Fe(NO3)3/ 
MDPS) solid, which was left to dry in vacuum. The impreg-
nated solid was loaded in a tube furnace and calcined at 
600, 700, or 800°C at a heating rate of 10  °C per minute 
under a nitrogen atmosphere and then allowed to cool. The 
range of calcination temperature was selected based on the 
data obtained from thermal analyses. The obtained solids 
were MMC600, MMC700, and MMC800, corresponding to 
the preparation calcination temperatures of 600, 700, and 
800 °C, respectively. A summary of the synthesis process is 
given in Fig. 1.

For comparison purposes and to study the effect of the 
reduction process of Cr(VI) on the removal efficiency, other 
samples containing only the pure precursors were prepared 
by the above-mentioned method and calcined at 700oC. The 
samples were named (DS) for the calcined date palm stones 
and (FN) for the calcined iron salt.

2.4  Cr(VI) removal experiments

The stock solution of 1000 ppm of potassium dichromate 
was prepared. The chromium will be detected by Shimadzu 
UV2600 UV-Vis spectrophotometer using a solution of 
1,5-diphenylcarbazide as a ligand [20].

The calibration curve was done between absorbance at 
540 nm and chromium concentration. It fits linear to Beer-
Lambert law Eq. (1):

A = ε1C� (1)

where A is the absorbance, ɛ is absorption coefficient, l is the 
optical path length (cm), and C is the concentration of the 
analyzed solution.

The effects of pH, adsorbent weight, Cr concentration, 
and reaction temperature were studied. The pH was adjusted 
using two solutions of 1 molar from NaOH and H2SO4. All 
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experiments were repeated for three times. Removal kinet-
ics and adsorption isotherms were investigated.

The Cr(VI) removal percentage (R%) was calculated by 
Eq. (2):

R% = (C0 − Ce) /C0 ∗ 100� (2)

where C0 and Ce (ppm) are the chromium concentrations in 
the solution before and after adsorption, respectively. The 
adsorption capacity (Q, mg/g) was measured using Eq. (3):

Q = (C0 − Ce) ∗ V/m � (3)

where V (L) is the volume of Cr(VI) solution and m (g) is 
the mass of the adsorbent.

2.5  Characterization

The powder XRD analysis of the samples was carried out 
on a Panalytical Empyrean X-Ray Diffractometer operating 
with a Cu-Kα radiation source (30 mA, 40 KV). Energy-dis-
persive X-ray spectroscopy (EDX) was carried out on JCM-
6000PLUS. The Brunauer–Emmett–Teller (BET) surface 
area and pore size distribution were measured on a Quanta 
chrome Nova 3200 by nitrogen adsorption at 77.3 K. Before 
each measurement, the synthesized magnetic carbon sam-
ples were degassed at 200°C for 3  h under high vacuum 
(0.086 mPa). The pore size distribution of the samples was 
calculated by the Barrett–Joyner–Halenda (BJH) method 
using nitrogen desorption isotherms. Thermal analysis 

techniques were performed on a TA Instruments SDT Q600 
thermogravimetric analyzer at a heating rate of 10 K/min in 
a nitrogen atmosphere. The magnetic properties of the pow-
ders were measured at room temperature using a vibrating 
sample magnetometer (VSM) Lakeshore 7410. The mor-
phology of the adsorbent was investigated using field emis-
sion scanning electron microscopy (Zeiss FESEM Ultra 60) 
operated with 10 kV. The infrared spectra were obtained by 
(Bruker ALPHA II FT-IR) spectrophotometer employing the 
ATR technique. The pH at the point of zero charge (pHPZC) 
was obtained from batch equilibrium technique where the 
adsorbent was dispersed in 0.01 M NaCl solution at a givin 
initial pH. After 48 h, the final pH was measured and pHPZC 
was determined from the final pH – initial pH plot.

3  Results and discussion

3.1  Chemical, structural, morphological, and 
surface characteristics of the prepared composites

Thermal analyses curves of the precursor (Fe(NO3)3/ MDPS) 
are represented in Fig. 2. Two weight loss steps appeared in 
the thermogravimetric analysis (TG) curve; the first step is 
from room temperature up to 400oC, representing 57.55% 
of the total weight loss and the other step is from 400oC to 
1000oC representing 17.28% of the total weight loss. The 
differential thermogravimetry (DTG) curve showed two 
endothermic peaks at 293.4o C and 618.4o C. The endother-
mic enthalpy changes calculated from differential scanning 

Fig. 1  The synthesis process of the mesoporous magnetic carbon adsorbents
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FeO + CO → Fe + CO2� (6)

Fe3O4 + 4CO → 3 Fe + 4 CO2� (7)

(v) At high temperatures, carbon could also react with Fe2O3 
and Fe3O4, which can be represented by the Eqs. (8,9):

C + 3 Fe2O3 → 2 Fe3O4 + CO� (8)

C + Fe3O4 → 3FeO + CO� (9)

The obtained thermogravimetric results revealed that the 
weight loss was slight at 600oC and negligible above 800oC, 
thus, three calcination temperatures were selected based on 
the temperature range from 600 to 800oC.

In order to investigate the composition and nature of 
phases present at each calcination temperature, X-ray pow-
der diffraction was performed, and the obtained diffrac-
tograms are in Fig.  3. The sample MMC600 showed two 
peaks characteristic of zero-valent iron at 44.7o and 65.1o, 
which can be indexed to the (1 1 0) and (2 0 0) planes of Fe 
with cubic crystal system and space group Im-3 m. Also, 
four diffraction peaks located at 30.1°, 35.4°, 57.0°, and 
62.6° were observed and indexed to the (2 2 0), (3 1 1), (5 
1 1), (4 4 0) planes of Fe3O4, respectively. Raising the cal-
cination temperature up to 700oC led to the diminishment 
of the Fe3O4 phase due to spontaneous reduction by the 
degradation products of date palm seeds as represented by 
Eqs. (5–9), yielding zero-valent iron. The presence of FeO 
phase as an intermediate compound in the reduction process 
at 700oC was confirmed by the existence of three peaks at 
36.2°, 42.0°and 61.1° corresponding to (1 1 1), (2 0 0), and 
(2 2 0) planes of FeO. However, with a further increase of 
the calcination temperature to 800oC, the FeO phase disap-
peared, yielding zero-valent iron (ZVI) as the final product 

calorimetry (DSC) were 1560 J/g for the peak below 120 
o C and 35.35  J/g for the small peak around 616o C. The 
obtained results can be explained by comparing previ-
ous thermogravimetric studies on the decomposition of 
pure date palm stones and the iron(III) nitrate nonahydrate 
salt. The pyrolysis process of the date palm stones can be 
divided into four stages: moisture evaporation, hemicel-
lulose decomposition, cellulose decomposition, and lignin 
degradation. Nasser et al. [36] conducted a thermo-gravi-
metric study on different anatomical parts of the date palm, 
and their results revealed the decomposition temperature 
ranges to be 260–340 o C for hemicellulose ([C5(H2O)4]n), 
320–380 o C for cellulose ([C6(H2O)5]n) and 300–580 oC for 
lignin ([C10H12O3]n). The gaseous products of the decom-
position processes included CO2, CO, CH4, H2O, and a 
few other organics [37]. As for the decomposition of the 
iron salt, a two-step process occurring below 200oC was 
reported, which included the formation of ferric oxyhydrox-
ide followed by the formation of Fe2O3 [38, 39]. Thus, the 
decomposition process of the precursor can be discussed as 
follow: (i) removal of loosely bonded water and formation 
of the iron oxide Fe2O3; (ii) decomposition of hemicellulose 
and cellulose, which resulted in the formation of carbon and 
gaseous products; (iii) reduction of Fe2O3with CO and the 
formation of Fe3O4 according to the equation:

3 Fe2O3 + CO → 2Fe3O4 + CO2 � (4)

(iv) lignin degradation occurs over a wide range of tempera-
tures with a further reduction of Fe3O4 to zero-valent iron 
particles by CO in a multistep process [40, 41]. The follow-
ing reactions occur in the carbonization process:

CO + Fe3O4 → 3FeO + CO2� (5)

Fig. 2  Thermal analyses of 
the (Fe(NO3)3/ MDPS) solid 
precursor
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of the reduction process. Fe3C phase was observed at cal-
cination temperatures 700 and 800oC and characterized by 
diffraction peaks at 37.8°, 42.9°, 46.0°, and 49.2° where the 
intensity of the peaks was enhanced by increasing the calci-
nation temperature. The Fe3C phase could be formed due to 
the regional dissolution of carbon atoms into the crystal lat-
tice of zero-valent iron [21]. No diffraction peaks of carbon 
appeared in the prepared samples due to their amorphous 
nature. Table  1 summarized the phases present in each 
sample and the calculated crystallite size, which was in the 
nano-sized range. The prepared samples are expected to be 
efficient in the removal process since they contained (ZVI), 
which is crucial in reducing toxic Cr6+.

The N2 adsorption–desorption isotherms for the MMC 
adsorbents (Fig.  4) showed type- IV isotherms according 
to IUPAC classification with Type H3 hysteresis loops in 
the (P/P0) range of 0.4–0.98. This indicated the presence of 
slit-shaped pores, mainly in the mesopore range. Pore size 
distribution curves (insets Fig. 4.) showed a sharp peak at 
pore width 3.9 nm, which again confirmed the mesoporous 
nature of the pore structure with small fraction of pores in 
the microporous range. The surface and textural properties 
are summarized in Table 2, which revealed the following: (i) 
The value of the specific surface area was slightly increased 
by raising calcination temperature from 600 to 700  °C, 
probably due to the creation of new pores as a result of the 
continuous reduction process. (ii) lowering in the value of 
SBET at 800 °C might be due to sintering and collapse of the 
pore structure. The difficulty in maintaining the pore struc-
ture might originate from increasing the crystallite size of 
(ZVI) by increasing the calcination temperature from 700 
to 800oC as evident the XRD result accompanied by the 
great reduction of carbon content by calcination at 800oC 
(Table 3). Liang et al. [42]. , in their review of carbon-based 
nano zero valent iron asserted that although high calcination 
temperature is critical for carbothermal reduction since it 
is beneficial to form Fe0 and amorphous carbon, however, 
the pore structure may collapse, and the specific surface 
area of the carbon-based material may be reduced. Different 
studies reported in literature [43–45] also documented the 
decrease in surface area at higher calcination temperatures 
as a result of decreasing carbon content and collapsing of 
the pore structure in accordance with the present work. (iii) 
MMC700 possessed the highest values of total pore volume 
and average pore diameter.

The energy dispersive X-rays’ analysis was performed, 
and the calculated element’s mass and atomic percent were 

Table 1  Phases present, calculated crystallite size and degree of crys-
tallinity of the prepared MMC adsorbents
Sample Phases Crystallite size (nm) Degree of crystallinity
MMC600 Fe 51.99 270.98

Fe3O4 50.47 107.84
MMC700 Fe 35.63 200.68

FeO 18.57 27.90
Fe3C 24.41 34.58

MMC800 Fe 67.24 261.36
Fe3C 51.82 69.22

Sample SBET (m2 g− 1) VP (cm3 g− 1) Average diameter (nm)
MMC600 335.54 0.39 4.88
MMC700 341.02 0.42 6.08
MMC800 310.93 0.41 5.49

Table 2  Surface characteristics of 
the prepared MMC adsorbents

 

Fig. 4  Nitrogen adsorption-desorption isotherms and (insets) pore size 
distribution curves

 

Fig. 3  XRD diffractograms of the prepared MMC adsorbents calcined 
at different temperatures
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image in Fig. 6. Small spherical nanosized particles of ZVI 
can be seen in the carbon matrix.

3.2  Cr(VI) removal

3.2.1  Optimum condition for the adsorption process

The effect of calcination temperature on the removal per-
centage of Cr6+ was given in Fig. 7 as a function of time. 
Complete removal was noticed after only 5 min for the sam-
ples calcined at 700 and 800oC, suggesting their application 
as a promising candidate for removing toxic Cr6+ from an 
aqueous environment. The sample MMC700 was subjected 
to further study due to: (i) complete removal of toxic Cr6+ 

presented in Table  3. The amount of carbon was greatly 
reduced by raising the calcination temperature up to 800oC 
due to its consumption in the continuous reduction process 
leading to the formation of CO2 gas. MMC800 showed the 
highest iron content which is the essential active component 
in this adsorption.

The magnetic properties of the prepared adsorbents 
were studied by VSM, and the results are shown in Fig. 5. 
The saturation magnetization values were 21.48, 10.56, 
and 10.60 emu/g for MMC600, MMC700, and MMC800, 
respectively. It was decreased by increasing the calcination 
temperature. The prepared samples can be easily separated 
magnetically from the aqueous solutions. The morphology 
of one selected sample, MMC700, was revealed by the SEM 

Table 3  Elemental composition of the prepared MMC adsorbents as determined from EDX.
Element MMC600 MMC700 MMC800

Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%)
C 44.94 75.39 41.78 74.31 8.13 28.7
O 5.29 6.66 3.58 4.78 0.81 2.14
Fe 49.77 17.95 54.64 20.90 91.07 69.17

Fig. 6  SEM image of MMC700. 

Fig. 5  Magnetic hysteresis loop of MMC adsorbents
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2 HCrO4
− + 3 Fe0

(s) + 14 H+
(aq) → 2 Cr3+

(aq) + 3 Fe2+
(aq) + 8 H2O� (12)

2 HCrO4
− + 6 Fe2+

(aq) + 14 H+
(aq) → 2 Cr3+

(aq) + 6 Fe3+
(aq) + 8 H2O� (13)

x Cr3+(aq) + (1 − x) Fe3+(aq) + 3 H2O → CrxFe(1−x)(OH)3 ↓ +3 H+� (14)

On the other hand, at pH > 6.0 chromate ions (CrO4
2−) pre-

dominate the solution while the adsorbent surface became 
negatively charged. This leads to an electrostatic replusion 
between the adsorbent surface and the anionic chromate 
ions which resulted in decreasing the removal efficiency [8, 
46].

3.2.1.2  Effect of adsorbent weight  Investigation of the 
effect of MMC700 weight in the range of (0.01–0.10  g) 
on the removal percentage at pH = 2 revealed the optimum 
weight to be 0.05 g to achieve complete removal of Cr6+. It 
can be seen from Fig. 8b that even using the low weight of 
MMC700 could achieve 99% removal, which again asserts 
the high efficiency of the prepared material.

3.2.1.3  Effect of Cr6+ solution concentration  Different 
initial concentrations of Cr6+ solution were investigated 
(Fig. 8c), and it was shown that MMC700 could completely 
remove the toxic ion up to a high concentration as 200 ppm. 
The prepared adsorbent could remove up to 90% when the 
initial concentration of Cr6+ solution was 250 ppm; this may 
be due to a shortage of adsorption sites on the surface of the 
MMC700.

3.2.1.4  Effect of reaction temperature  The effect of three 
different reaction temperatures (20, 25, 35 oC) on the reduc-
tive removal process was studied at two different pH. Com-
plete removal was achieved at pH = 2 at all studied reaction 
temperatures. For further study of the effect, neutral pH was 
used, and it was concluded that the optimum reaction tem-
perature is 25oC (Fig. 8d).

Thus, to summarize the optimal conditions for obtaining 
the best performance in the removal process for MMC700: 
Solution volume = 50 ml, concentration of Cr(VI) = 50 ppm, 
dose = 0.05  g, pH = 2, and reaction temperature 25oC.The 
performance of the prepared MMC700 in the removal pro-
cess was compared to that of the pure calcined date palm 
seeds and the calcined iron salt in Fig. 9. It can be seen that 
even at natural pH, the removal capacity of the prepared 
composite is much higher than that of pure carbon and pure 
iron oxide due to a large amount of nZVI contained in the 
sample that is the crucial factor in the reductive adsorption 
of Cr6+.

from the aqueous solution; (ii) higher specific surface area 
value relative to other prepared samples, and (iii) saving 
energy by performing the calcination at 700oC instead of 
800oC.

The effect of different reaction conditions on the removal 
percentage of Cr6+ by MMC700 was shown in Fig. 8.

3.2.1.1  Effect of pH  The study of different pH values on 
the adsorption process revealed that complete removal of 
Cr6+ could be achieved at pH = 1 and pH = 2; therefore, 
pH = 2 was taken as the optimum pH for further adsorp-
tion and kinetic studies. With increasing the pH value, the 
removal efficiency decreased, which is a common behavior 
in Cr6+ reductive adsorption process [19, 20]. The reason 
for this behavior is related to the charges on the surface of 
adsorbent and the chemistry of chromium ions in solution 
and its dependence on the pH [6, 8]. The pHpzc of MMC700 
was found to be 6.35, which indicated that the surface is 
positively charged below pH = 6.35 and negatively charged 
above that point. Thus at lower pH values the MMC700 
adsorbent surface will efficiently attract anionic species. In 
an acidic aqueous medium (pH 1–6), Cr(VI) has Cr2O7

2− 
and the predominant HCrO4

− forms, which are favorably 
adsorbed on the positively charged surface of MMC700 
adsorbent. Then, the adsorbed species are easily reduced by 
ZVI and/ or Fe2+ ions forming the Cr-Fe complex, which is 
precipitated according to Eqs. (10–14) [20]:

Cr2O7
2−
(aq) + 3Fe0

(s) + 14 H+
(aq) → 2 Cr3+

(aq) + 3 Fe2+
(aq) + 7H2O� (10)

Cr2O7
2−
(aq) + 6 Fe2+

(aq) + 14 H+
(aq) → 2 Cr3+

(aq) + 6 Fe3+
(aq) + 7 H2O� (11)

Fig. 7  The effect of calcination temperature on the removal capacity 
of Cr6+ performed at 25 oC. The adsorption conditions were: pH = 2, 
solution volume = 100  ml, concentration of Cr6+ = 50 ppm, and 
dose = 0.05 g
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ln (qe − qt) = ln qe − K1 t� (15)

where qe is the equilibrium adsorption capacity (mg/g), qt 
is the time-based adsorption capacity (mg/g), k1 is the rate 
constant for the pseudo-first order model (min− 1), and t is 
the time (min) [47].

The pseudo second-order model is given by the follow-
ing equation:

t/qt = 1/k2qe
2 + t/qe� (16)

where k2 is the rate constant for pseudo-second-order model 
(g/mg min) [47]. The results were better fitted with pseudo-
second order kinetics (Table 4), based on its highest adjusted 
regression coefficient (adj.R2) value, which reveals that the 

3.2.2  Study of kinetics and adsorption isotherms

The study of the kinetics of the reductive adsorption of 
MMC700 sample was characterized by a very fast rate at 
pH = 2; complete removal of toxic Cr6+ ions was estab-
lished in only one minute when the reaction conditions were 
(volume = 100  ml, the concentration of Cr6+ = 50 ppm, 
dose = 0.05 g and temperature = 25 oC). The same phenom-
enon was noticed for other nZVI/ carbon composites from 
different carbon sources reported in the literature [20]. To 
investigate the kinetics, different reaction conditions were 
used, and the obtained data were employed in the pseudo-
first order model and pseudo-second order model (Fig. 10).

The pseudo first-order model is given by the following 
equation:

Fig. 8  The effect of different reaction conditions on the removal per-
centage of Cr6+ by MMC700. (a) The effect of different pH at 25oC 
(volume = 50 ml, concentration of Cr6+ = 50 ppm, dose = 0.05 g). (b) 
The effect of different adsorbent dose at 25oC (pH = 2, volume = 50 ml, 

concentration of Cr6+ = 50 ppm). (c)The effect of different concentra-
tion of Cr6+ solution at 25oC (volume = 50 ml, pH = 2, dose = 0.05 g). 
(d) The effect of reaction temperature (pH = 7, volume = 50 ml, con-
centration of Cr6+ = 4 ppm, and dose = 0.05 g)
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where KF is the Freundlich isotherm constant (mg1 − 1/n L1/n / 
g) and n is the intensity factor for adsorption [33].

The Langmuir isotherm is given by the following equa-
tion [33]:

(1/qe) = (1/QmaxKLCe) + (1/Qmax)� (18)

where Qmax is the theoretical maximum of monolayer 
adsorption capacity (mg/g) and KL is the Langmuir isotherm 
constant (L/mg).

The Temkin isotherm is given by the following equation 
[33]:

qe = (RT/b) ln KT + (RT/b) ln Ce� (19)

where R is the universal gas constant (J/mol K), T is the 
adsorption temperature (K), b is the bonding factor related 
to the heat of adsorption (J/mol), and KT is the Temkin iso-
therm constant (L/g).

The fitting quality of the models was judged by the values 
of the adjusted regression coefficient (Adj.R2), the residual 
sum of squares (RSS), and the reduced chi-squared param-
eter (Red. χ2). High (RSS) and (Red. χ2) values indicated 
a high bias between the experimental data and the tested 
model and consequently the unfitness of the model while 
higher values of (Adj.R2) indicated good fitting [30, 31, 48, 
49]. It can be seen from Table 4 that: (i) there was no signifi-
cant difference between the computed values of parameters 
by linear or nonlinear fitting. (ii) Freundlich model satisfied 
the high value of (Adj.R2) and have the lowest error in (RSS) 
and (Red. χ2) values. Thus, the obtained data were found to 
fit the Freundlich model, which considers the heterogeneous 
adsorptive energies on the surface of the adsorbent. The 

reaction rate is mainly governed by chemical adsorption 
[20].

The adsorption isotherm was investigated by three mod-
els, namely, Freundlich, Langmuir, and Temkin, and repre-
sented by Fig. 11 through linear and nonlinear fitting. The 
parameters and statistics of each adsorption model were 
given in Table 4 to compare the better fitness of each model. 
All the simulations, fittings and calculations were made 
using the Origin Pro 9 64-bit Academic software (Origin 
Lab Corporation, Northampton, MA, USA).

The Freundlich isotherm, which describes non-specific 
adsorption involving multi-layers [20], is given by the fol-
lowing equation:

log qe = log KF + (1/n) log Ce� (17)

Fig. 10  (a) Pseudo first order kinetics and (b) pseudo second order kinetics

 

Fig. 9  Comparison between the removal percentages of (pH = 7, vol-
ume = 50 ml, concentration of Cr6+ = 4 ppm, and dose = 0.05 g)
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Table 4  Parameters obtained from different adsorption isotherms and kinetic models and corresponding regression statistics
Model Fitting Parameters Statistics

Parameter Value Adj R2 Rss Red. χ2

Langmuir NL Qmax (mg/g) 265.79 0.9978 88.485 22.1214
KL (L/mg) 0.2336

L Qmax (mg/g) 265.25 0.8858 2.16*10− 8

KL (L/mg) 0.2441
Freundlich NL 1/n 0.0748 0.9887 7.690 2.5634

KF(mg1 − 1/n L1/n/g) 178.86
L 1/n 0.0745 0.9899 2.14*10− 5

KF(mg1 − 1/n L1/n/g) 179.171
Temkin NL b (J/mol) 135.757 0.9997 10.446 2.6116

KT (L/g) 10334.23
L b (J/mol) 135.747 0.9847 10.446

KT (L/g) 10334.24
Pseudo-first Order L qe (mg/g) 123.843 0.8268 0.7364

k1 × 10− 3 (min− 1) 6.543
Pseudo-second Order L qe (mg/g) 270.27 0.9878 3.35*10− 5

k2 × 10− 3 (g/mg min) 2.385

Fig. 11  Linear Fitting of adsorption isotherms (a) Langmuir, (b) Freundlich, and (c) Temkin. Non linear fitting of adsorption isotherms (d)
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reductive adsorption which may be attributed to the partial 
blocking of MMC700 mesopores by the reduction products 
(Fe(III) and Cr(III) containing phases). Similar behaviour 
was reported in literature [9, 55]. Based on the obtained 
results, Cr(VI) remediation by MMC700 adsorbent in 
acidic pH might processed through the following mecha-
nism: (i) favourable adsorption of anionic Cr(VI) species 
to the positively charged MMC700 surface by electrostatic 
interaction. (ii) Reduction of Cr(VI) to Cr(III)-containing 
species by the electron-donor groups which are mainly Fe0 
and Fe2+ in MMC700 while carbon act as both efficient sup-
port for iron nanoparticles and excellent electron transfer 
mediator to promote the electron transfer process according 
to Eqs.  (10–13). The synergistic effect between the nano-
sized iron and carbon in MMC700 was proved to enhance 
the removal efficiency by 17-fold more than pure iron even 
in neutral medium (Fig. 9). (iii) co-precipitation of Cr- Fe 
containing species within the mesopores of MMC700.

3.2.4  Comparison with other adsorbents and practical 
feasibility

The calculated maximum Cr(VI) removal capacity from 
the Langmuir model was 265.25  mg/g. Comparison with 
reported literature for magnetic carbons derived from 
natural or synthetic sources (Table  5) revealed the excel-
lent activity of the prepared MMC700 and suggested its 
application as an efficient candidate for Cr (VI) remediation 
purposes. Although Qi et al. [56] reported higher adsorp-
tion capacity for the composite prepared from iron-based 
solid wastes, but their measurments were conducted over 
1200 h while maximum of 2 h were used in our work. The 
practical feasibility of the prepared MMC700 adsorbent 
was elucidated by studying its reusability and application 
in real water samples. The reusability was tested by treating 
the used adsorbent by 0.1 M NaOH solution for 2 h under 
continuous stirring, then washing with distilled water and 
finally drying at 90oC in vacuum oven. The removal effi-
ciency was measured for five cycles of repeated procedures 
and the results were presented in (Figure S3). The adsor-
bent maintained good removal efficiency up to three cycles, 
however, the removal efficiency was significantly reduced 
by the fifth cycle may be due to consumption of active 
adsorption sites. To investigate the ability of MMC700 in 
removal of Cr(VI) from real water samples, tap water was 
spiked with 50 ppm Cr(VI) and treated with the adsorbent at 
the predetermined optimum conditions. Tap water normally 
contains different dissolved ions (for example: magnesium, 
calcium, sodium, chloride, sulphate, and bicarbonate) which 
may interfere with the adsorption process. It was found that 
the removal efficiency was slightly reduced in spiked tap 
water (Figure S3). This may be attributed to the competition 

value of 1/n ( < < 1) indicated a chemisorption process and 
confirmed the high heterogeneity of the adsorbent surface.

3.2.3  Cr (VI) adsorption mechanism

To elucidate the adsorption mechanism of Cr (VI) by 
MMC700, further analyses were conducted before and after 
the adsorption process. XRD, and FTIR analyses were per-
formed, and the results were presented in (Figures S1 and 
S2). It can be seen from Figure S1 that, the intensity of XRD 
peaks were reduced after the adsorption process while a 
small broad peak appeared around 2θ = 35.51o which might 
be indexed to Fe2O3 (35.68), Fe3O4 (2θ = 35.45o) and/or 
Cr2FeO4 (2θ = 35.50o) [50–52]. This confirmed the redox 
reaction between Fe0 and Fe2+ species in MMC700 with 
Cr(VI) and formation of the Cr(III)-Fe(III) complex con-
taining species according to Eq. (14). The FTIR spectra of 
MMC700 adsorbent (Figure. S2) revealed the presence of the 
characteristic peaks of Fe-O observed at 469 and 525 cm− 1 
[53]. The peaks at 742 and1538 cm− 1 may be attributed to 
the bending and stretching vibrations of (C = C), respec-
tively [54]. The peak at 1052 cm− 1 assigned to the stretch-
ing vibrations of (C-O) while peaks at 2080 and 2182 cm− 1 
may be due to stretching vibrations of (C ≡ C). The small 
peak at 3351 cm− 1 may be attributed to the stretching vibra-
tions of (O-H). After Cr (VI) adsorption, new sharp peaks 
appeared at 3613 and 3743  cm− 1 in the spectra assigned 
to stretching vibration of (O-H) may be due to formation 
Cr(III)/Fe(III) hydroxide-containing species [52]. The value 
of SBET was found to decreased to 322.36 m2/g after Cr(VI) 

Table 5  Comparison between Qmax values for chromium (VI) removal 
reported in literature and current study
Adsorbent Qmax 

(mg/g)
Refer-
ence

Nano-iron active carbon composites 187.11  [57]
Magnetite functionalized nigella sativa seeds 10.21  [58]
Activated iron bamboo biochar 25.68  [59]
Magnetite-pine composite 15.24  [60]
Starch functionalized iron oxide nanoparticles 9.02  [61]
Starch functionalized magnetite nanoparticles 26.60  [62]
Magnetic carbon nanocomposites (cotton) 3.74  [63]
N-doped porous carbon with magnetic particles 
(rice husk)

16.00  [64]

Amino-functionalized magnetic cellulose 
nanocomposite

171.50  [65]

iron nanoparticles embedded in orange peel pith 5.37  [66]
Cellulose derived magnetic mesoporous carbon 
nanocomposites

327.50  [20]

iron-based solid wastes composite 393.79  [56]
Biochar-anchored low-cost natural iron-based 
composites

81.50  [67]

Epigallocatechin gallate/titanium composites 105.80  [68]
MMC700 265.25 This 

study
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application of MMC700 as an efficient low-cost, and easily 
separable adsorbent for the toxic Cr(VI) removal process. 
Also, the prepared adsorbent might be a promising candi-
date for waste water purification by removal of other toxic 
heavy metals.
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