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Abstract
The main purpose of this work was to boost the surface and adsorption characteristics of diatomite (D) through chemical 
modifications with chitosan (DC), chitosan/titanium isopropoxide (DCTi), or chitosan/ graphene oxide (DCGr), respec-
tively. Physicochemical characteristics of the prepared samples were investigated using SEM, TEM, XRD, FTIR, TGA, 
and porosity measurements. The impact of such modifiers into the D surface on the removal efficiency of chromium (VI) 
ions and methylene blue dye was studied in an equilibrium mode. Langmuir and Freundlich isotherms were used to ana-
lyze the adsorption data. Modifiers considerably enhanced the surface and textural properties of D through insertion of the 
main surface functional groups of chitosan and graphene oxide together compared to chitosan and titanium isopropoxide 
together or chitosan alone. In addition, the total surface area and total pore volume parameters of the unmodified D sample 
were improved greatly from 16.5  m2/g, 0.036  cm3/g to 39.8  m2/g and 0.174  cm3/g for DCGr, while they were 17.7  m2/g and 
0.132  cm3/g for DC. The best adsorption results were well-defined with the Langmuir isotherm equilibrium model. Accord-
ingly, the DCGr sample exhibited the highest uptake of Cr(VI) (about 167 mg/g) and methylene blue (66.7 mg/g). Hence, 
the chemical modification strategy of diatomite performed by using chitosan and graphene oxide significantly boosted the 
surface active sites and porosity properties and thus gave rise to the high adsorption capacity of Cr(VI) and methylene blue 
dye from wastewater. Hence, these findings affirmed the validity of the current strategy for surface modification of diatomite 
with chitosan and graphene oxide.
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Introduction

Environmental protection through removal of heavy metals 
and organic wastes such as dyes has been the main topic 
of scientific research worldwide. Discharging wastewater 
from the mining, chrome plating, textiles, paints and pig-
ment industries pollutes natural water sources with heavy 

metals and dyes, which are two groups of hazardous pol-
lutants that have potentially antagonistic effects on humans 
and other species (Singh et al. 2018; Das et al. 2017; Fathy 
et al. 2021a). Remediation of these hazardous pollutants can 
be done by using a variety of techniques, such as adsorp-
tion, precipitation, membrane processes, flocculation, ion-
exchange, chemical coagulation, and photo-degradation 
(Mallampati et al. 2015; Rathinam et al. 2017; Arshadi et al. 
2014; Kwak and Lee 2018). Among them, adsorption-based 
technologies are widely recognized as constituting an effec-
tive and inexpensive treatment strategy for water tainted 
with hazardous pollutants (Singh et al. 2018; Kwak and Lee 
2018). The major problem in removing extremely harm-
ful heavy metal ions and dyes from water is how to design 
innovative adsorbent materials with high adsorption capacity 
and efficiency (Jawad and Abdulhameed 2020; Fathy et al. 
2021b; Yan et al. 2015). Generally, natural clays such as ben-
tonite, zeolite, and diatomite are cheaper than conventional 
adsorbents like activated carbons (Jawad and Abdulhameed 
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2020) because these clays are naturally abundant and their 
surfaces are easily modified (Fathy et al. 2021b). Using chi-
tosan as a surface modifier for some adsorbent solids has 
attracted much attention because they are naturally available, 
eco-friendly, and cost-effective natural polymers (Mohamed 
et al. 2019; Zeng et al. 2020; Mohammad et al. 2019; Abd 
Malek et al. 2020; Abdulhameed et al. 2019a, b; Abdulha-
meed and Jawad 2020; Jawad et al. 2022). The polymeric 
chain of chitosan is characterized by the presence of amino 
(–NH2) and hydroxyl (–OH) groups, which serve as poten-
tial adsorption sites for the removal of metal ions and dyes 
(Mohammad et al. 2019; Abd Malek et al. 2020; Abdulha-
meed et al. 2019a, b; Abdulhameed and Jawad 2020; Jawad 
et al. 2022). For instance, it has been found that modification 
of activated carbons with chitosan showed a better adsorp-
tion capacity for dyes (Mohamed et al. 2019) and Cr(VI) 
ions (Zeng et al. 2020). More recently, Jawad et al. (Moham-
mad et al. 2019; Abd Malek et al. 2020; Abdulhameed et al. 
2019a, b; Abdulhameed and Jawad 2020; Jawad et al. 2022) 
pointed out modification of  TiO2 or kaolin clay with chitosan 
crosslinked with glyoxal, tripolyphosphate, or ethylene gly-
col diglycidyl ether (Mohammad et al. 2019; Abd Malek 
et al. 2020; Abdulhameed et al. 2019a, b; Abdulhameed and 
Jawad 2020; Jawad et al. 2022), which can be utilized as 
potentially effective adsorbents toward color dye removal. 
Moreover, Sabzevari et al. (2018) prepared a composite of 
graphene oxide (GO) crosslinked with chitosan for treatment 
of contaminated-water by methylene blue dye. They found 
that cross-linking occurs between –COOH groups of GO 
and amine groups of chitosan and hence exhibited superior 
adsorption capacity for GO-chitosan (~402 mg/g) than that 
of GO only (~287 mg/g).

Specifically, diatomaceous earth is an amorphous silica 
material formed from the remains of diatoms, which grew 
and were deposited in sea or lake beds. Also, it is an insula-
tor and non-flammable, insoluble in water, and does not react 
with other substances in the air (Li et al. 2003). Therefore, 
diatomite is widely used as a filler in paints, paper, and rub-
ber. Diatomite derived from Egypt as a natural ore of silica 
occurs naturally, with huge amounts in the north and west 
of El-Fayoum country (Ibrahim and Selim 2010; Sherief 
et al. 2016). The diatomaceous earth deposits in this area 
are generally fine-grained, friable to slightly hard rocks, and 
range in color from white to brownish white (Ibrahim and 
Selim 2010). It consists mainly of silicon dioxide  (SiO2) and 
some impurities such as iron, alumina, and metal oxides. 
Thus, there is an essential need to enhance the physico-
chemical properties of these materials to be used in appli-
cations such as water purification and catalysis. Accord-
ingly, recent studies have been carried out to improve the 
catalytic, adsorption, and antibacterial performance of natu-
ral diatomite (Dehestaniathar et al. 2016; Gao et al. 2005; 
Sherief et al. 2021; Lamastra et al. 2017; Li et al. 2014; 

Shen et al. 2021; Aboelenin et al. 2017). For instance, a 
modified diatomite-supported CuO–TiO2 composite was 
prepared by modification with sulfuric acid and  ZrO2 and 
then coated by copper and titanium oxides as catalysts in 
oxidation of CO (Dehestaniathar et al. 2016). Trapping of 
phenol from aqueous solution has been strongly improved 
using diatomite-modified with polyethyleneimine rather than 
diatomite alone because of strong electrostatic and hydrogen 
bond interactions (Gao et al. 2005). Very recently, diatomite 
was modified by depositing silver nanoparticles to induce its 
bioactivity as an antibacterial drug (Sherief et al. 2021). A 
simple and green protocol to convert the surface of hydro-
phobic diatomite to be slightly hydrophilic by introducing a 
limited content of silanol groups on the surface of diatomite 
and then to be silanized by bifunctional, sulfur-containing 
organosilanes for rubber applications was investigated 
(Lamastra et al. 2017).

An adsorbent material compromising porous diatoma-
ceous earth and surface functionalized amorphous  MnO2 
was reported for removing lead ions from aqueous solutions 
(Li et al. 2014). It was found that the adsorption capacity 
of diatomaceous earth for adsorbing lead ions after  MnO2 
modification increased more than six times, and the adsorp-
tion of Pb(II) on the  MnO2 surface was based on the ion-
exchange mechanism. Recently, Shen et al. (2021) studied 
the adsorption process of Cd (II) by Mn-diatomite modified 
adsorbent. The results have showed that the active silane 
chain with hydroxyl site on the diatomite matrix surface was 
opened and grafted by some  Mn4+ substituted  Al3+ ions. 
Compared with unmodified diatomite, the specific surface 
area of the adsorbent grafted with manganese oxide was 
increased by about eight times, and a large number of man-
ganese hydroxyl sites were formed on its surface. Thus, the 
adsorption rate of Cd (II) on the modified adsorbent was 
increased to ~98.7%, suggesting that modified diatomite 
could be employed as an efficient adsorbent for the removal 
of Cd(II) from wastewater. Furthermore, the conversion of 
diatomite to mesoporous silicates supported iron oxides to 
perform in wet catalytic oxidation processes of methylene 
blue dye was investigated (Aboelenin et al. 2017). To the 
best of our knowledge, the modification of diatomite with 
chitosan only or with chitosan crosslinked with  TiO2 or GO 
to enhance its adsorption capacity to remove Cr(VI) and 
methylene blue dye from their aqueous solutions has not 
been studied yet.

Nevertheless, the particular aim of this work was to 
modify the diatomite with chitosan after heat treatment 
and washing with 6M HCl to remove inorganic and organic 
impurities and then followed by inserting either titanium 
isopropoxide or graphene oxide over the surface of diato-
mite–chitosan composite. Influencing of the chemical modi-
fication on the physicochemical properties of diatomite was 
carried out by tools such as SEM, TEM, XRD, FTIR, TGA, 
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and porosity. In order to explore the impact of these treat-
ments, the adsorption capacities of unmodified and modi-
fied diatomite samples were estimated through equilibrium 
adsorption tests of chromium hexavalent ions (VI) and meth-
ylene blue dye as representative pollutants used in different 
industries. Therefore, the present study is considered to be 
a good attempt to fabricate value-added products from low-
cost clays using a simple modification for environmental 
applications.

Experimental

Materials

Diatomaceous earth deposits were collected from the north-
ern part of El-Fayoum Governorate, Egypt (Kom-Osheam). 
They consist of 69%  SiO2, 3.5%  Al2O3, 1.75 %  Fe2O3, some 
traces of other minerals (~1%), and the remaining percent-
age is water (Sherief et al. 2016). Sodium hydroxide pellets 
(NaOH, 98 %, Modern-Lab), hydrochloric acid (HCl, 37 %, 
Alpha-Chemika), and cetyltrimethylammonium bromide as a 
surfactant (CTAB, CAS# 57-09-0), acetic acid  (CH3COOH, 
99%), potassium dichromate  (K2Cr2O7, 99%), and methyl-
ene blue dye  (C16H18ClN3S, CAS# 122965-43-9) were pur-
chased from Sigma-Aldrich. Chitosan [(C6H11NO4)n, Mw= 
600,000–800,000 g/mol] as a cross-linker and titanium (IV) 
isopropoxide  (C12H28O4Ti, 98%) as titanium source were 
obtained from Thermo Scientific brand of ACROS Organ-
ics. However, the graphene oxide sample was prepared from 
graphite flakes according to Hummer’s method as reported 
previously by Annamalai et al. (2019).

Pretreatment of diatomite

For this purpose, an amount of diatomite was ground to 
powder using a mechanicalmixing grinder a mesh size (~200 
nm) and then calcined at 500 ºC in air atmosphere for 3 h to 
remove organic components. Afterward, the calcined diato-
mite was treated with 6M HCl acid solution under stirring 
for 3 h followed by washing thoroughly with hot distilled 
water several times to eliminate excess acid and reduce the 
other inorganic residues followed by drying at 150 ºC for 5 h.

Chemical modifications

The obtained fine powder of preheated diatoms (D) in the 
previous step was used as a starting material through modi-
fication processes. A portion of the D sample was added 
into the CTAB solution to be well-dispersed before adding 
chitosan (0.3 g of CTAB dissolved in 15 mL of dilute acetic 
acid of 3 v/v% concentration) under vigorous stirring and 
heating at 50 ºC. Chitosan (C, 1.0 g) was dissolved in 35 mL 

of acetic acid (3 %), where the mass ratio of D/C was 3:1. 
The chitosan solution was added slowly to D dispersed in 
CTAB solution under stirring at 50 ºC and then the reaction 
was left for 60 min. After that, the product was filtered and 
washed with both water and ethanol then dried at 80 ºC over-
night and denoted as DC. Approximately 0.25 g of titanium 
isopropoxide solution was weighted and diluted in 20 mL of 
 H2O and then poured slowly into the mixture of diatomite 
and chitosan as mentioned above under the same condi-
tions. A gel form upon adding titanium isopropoxide was 
obtained. The mixture was filtered and washed with water/
ethanol solution and then dried and denoted as DCTi. A dis-
persed solution of graphene oxide (5 mg in 50 mL  H2O) was 
added slowly to the mixture of diatoms and chitosan under 
the same conditions and the dried product labeled as DCGr. 
All the obtained solid samples were dried at 80 ºC for 3 days 
and then ground to powder before use.

Characterization of the prepared samples

The morphology and surface characteristics of the prepared 
samples were determined using a scanning electron micro-
scope (SEM, FEI Quanta FEG-250) and high resolution-
transmission electron microscope (HR-TEM, JEM-1230, 
Japan) operated at 120 kV. The crystalline phases in the 
obtained samples were determined by X-ray diffraction 
analysis using a Brukerdiffractometer (Bruker D8 advance, 
Germany). The patterns were run with CuKα1 target with 
a monochromator 40 kV, 40 mA. Fourier transforms infra-
red spectroscopy (FTIR) spectra of samples were recorded 
by employing a KBr pressed disc technique (2 mg of sam-
ple and 98 mg of KBr) to give the main functional groups 
using FTIR 6500 spectrometer (JASCO, Japan) in the range 
of 400–4000  cm–1. Aiming to study the thermal behavior 
of prepared samples, thermogravimetry analysis (TG and 
DTG) was performed using a Shimadzu thermobalance, 
model TGA/DSC-50H, at a temperature range of 25–1000 
ºC under  N2 atmosphere with a flow rate of 30 ml/min at 
heating rate of 10°/min and sample mass of 5 mg. Also, the 
textural properties such as Brunauer–Emmett–Teller (BET) 
surface area  (SBET,  m2/g), total pore volume  (VP,  cm3/g), 
and average pore diameter  (RP, nm) were measured using 
nitrogen adsorption analysis at –196 ºC (BEL-Sorp-max, 
MicrotracBel Crop, Japan).

Liquid phase adsorption experiments

Batch adsorption experiments were carried out toward both 
adsorbates; i.e., hexavalent chromium (Cr(VI)) and methyl-
ene blue dye of separate solutions to study the adsorption 
capacity of the unmodified and modified diatomite samples. 
Approximately 20 mL of adsorbate solutions with different 
initial concentrations (20–100 mg/L) were used with 20 mg 
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of adsorbent under shaking at 200 rpm and 25 ºC for 24 h. 
The dye concentrations in the filtrate were determined using 
a UV-visible spectrophotometer (Shimadzu Model PC-2401) 
with 1.0 cm length–path cell by measuring the maximum 
absorbance at a wavelength of 642 nm for methylene blue 
dye and 540 nm for Cr(VI) after complexation of Cr(VI) 
with diphenylcarbazide indicator as described previously 
(Fathy et al. 2021a).

Adsorption calculations

The adsorbed amount of adsorbate (Cr(VI) or methylene 
blue dye) was calculated from the mass balance expression 
given by:

where qe is the amount of adsorbate by the adsorbents 
(mg/g), Co initial ion concentration of adsorbate (mg/L), Ce 
equilibrium concentration of adsorbate (mg/L), m the mass 
of adsorbent in (mg), and V is the volume of metal solution 
in contact with the adsorbent (mL). Langmuir and Freun-
dlich isotherm models (Langmuir 1918; Freundlich 1906), 
as well-known adsorption isotherms, were used. These mod-
els are presented in the following equations:

Langmuir isotherm (Langmuir 1918):

where Q is the maximum adsorption capacity (mg/g) and 
 KL (L/mg) is the Langmuir adsorption equilibrium constant 
Q, and  KL are calculated from the slope and intercept of the 
isotherm plot  Ce/qe versus  Ce, respectively.

The essential characteristic of the Langmuir isotherm can 
be expressed in terms of a dimensionless constant called 
equilibrium parameter:

where  Co is the highest initial dye concentration (mg/L). 
The value of  RL indicates the type of isotherm to be either 
favorable (0 <RL<1), linear  (RL = 1), unfavorable  (RL> 1), 
or irreversible  (RL = 0).

Freundlich isotherm (Freundlich 1906):

where  KF is the Freundlich isotherm constant (mg/g(mg/
L)1/n), which is an indicator of the adsorptive capacity of 
an adsorbent fora solute, and n is a measure of the intensity 
of the adsorption or surface heterogeneity (a value closer 

(1)qe =

(

Co − Ce

)

m
V

(2)
Ce

qe
=

1

KLQ
+

1

Q
Ce

(3)RL =
1

1 + CoKL

(4)ln qe = ln KF +
1

n
ln Ce

to zero for 1/n represents a moreheterogeneous surface); 
however, the Freundlich exponent, n, should have values 
lying in the range of 1 to 10 for classification as a preferable 
adsorption.

Quality control

All experiments were carried out in duplicate measurements 
to calculate the relative standard deviations (RSD). RSD 
values were found to be less than 5% within all experiments.

Results and discussion

Properties of modified diatoms by SEM and TEM 
investigations

Figure 1 shows the surface characteristics of the starting 
preheated diatomite (i.e., unmodified) and their correspond-
ing modified samples as evident by SEM images. Figure 1A 
indicates the frustules structure of diatomite consisting of 
large silica grains with open cavities on its roughness sur-
face. Also, a set of irregular arrays of rectangular pores 
along the tubes can be seen. In Fig. 1B, it was observed 
that the chitosan molecules that contain several amino and 
hydroxyl groups as active sites covered cavities and arrays 
on diatomite surface (Jawad et al. 2022; Sabzevari et al. 
2018), which would increase the interaction with the addi-
tional species of titanium isopropoxide or –COOH groups of 
graphene oxide (Sabzevari et al. 2018). Thus, considerable 
surface changes occurred when titanium and graphene oxide 
molecules were added to modify the surface of DC sample, 
as shown in Fig. 1C and D.

TEM images of the prepared samples are shown in Fig. 2. 
Clearly, the morphology of unmodified diatomite reveals an 
aggregation of silica particles as spherical shape (Fig. 2A). 
Through modification, the CTAB surfactant was used to 
enhance the surface activity between the diatomite parti-
cles and chitosan, as seen in Fig. 2B. Probably the chitosan 
molecules as a good cross-linker could enhance interlinkage 
with both Ti–O–Ti of titanium isopropoxide and –COOH 
groups of graphene oxide molecules over the DC sample, 
as shown in Fig. 2C and D. This result is in agreement with 
previous studies on chitosan–tripolyphosphate/kaolin clay 
composite (Abdulhameed and Jawad 2020). Furthermore, 
graphene oxide sheets are found to be loosely stacked layers 
that have covered the whole surface of the DC sample due 
to crosslinking bonds between COOH groups of graphene 
and –NH2 groups of chitosan covered diatomite surface 
(Sabzevari et al. 2018).

Figure 3 illustrates the XRD profiles of the investigated 
samples. The XRD profile of D shows that the material is 
slightly amorphous, where somewhat crystalline phases 
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Fig. 1  SEM images of (A) D, (B) DC, (C) DCTi, and (D) DCGras-prepared samples

Fig. 2  TEM images of (A) D, 
(B) DC, (C) DCTi, and (D) 
DCGras-prepared samples
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appear. The main phases are found to be polymorphs of 
quartz called moganite (JCPDS#64-1441) and melano-
phlogite (JCPDS#16-0331) as  SiO2 in a monoclinic crystal 
system (Lee et al. 2021). The intensity of the crystalline 
phase of moganite was reduced after modification of D with 
chitosan confirming that the surface interconnection between 
diatomite and chitosan molecules occurred. A phase of tita-
nium oxide as anatase type (JCPDS#89-4921) is formed as 
depicted in XRD patterns of DCTi (Reddy et al. 2015). A 
typical XRD pattern of graphite peak at 2θ of  26o (002) 
(JCPDS#02-0456) in XRD of DCGr is obtained (Ji et al. 
2012). Thus, the obtained results can confirm that the sur-
face changes obtained through modification of diatomite/
chitosan (DC) with titanium isopropoxide and graphene 
oxides molecules under stirring at 50 ºC for 60 min could 
significantly enhance the surface properties of unmodified 
diatomite (D).

Considering the change in the functional groups on the 
surface of modified samples through modification treat-
ments, the FTIR spectra for the D, DC, DCTi, and DCGr 
samples were recorded as shown in Fig. 4. The spectrum 
of D shows the transmittance at 454  cm−1 which represents 
the Si–O–H stretching vibration, while the one between 
900–1067  cm−1 signifies the Si–O–Si stretching vibra-
tion (Jawad and Abdulhameed 2020; Jawad et al. 2022; 
Dehestaniathar et al. 2016; Gao et al. 2005; Sherief et al. 
2021; Lamastra et al. 2017; Li et al. 2014; Shen et al. 2021). 
The band around 3433  cm–1 corresponds to the vibration 
of N–H and –OH groups coordinated by hydrogen bond-
ing (Zeng et al. 2020; Mohammad et al. 2019; Abd Malek 
et al. 2020; Abdulhameed et al. 2019a, b; Abdulhameed 
and Jawad 2020; Jawad et al. 2022; Sabzevari et al. 2018). 
Upon addition of chitosan, two shoulder bands at 2921 and 

2850  cm–1 occur due to symmetric and asymmetric C–H 
stretching in the  CH3 group confirming the presence of 
chitosan (Zeng et al. 2020; Mohammad et al. 2019; Abd 
Malek et al. 2020; Abdulhameed et al. 2019a, b; Abdul-
hameed and Jawad 2020; Jawad et al. 2022). Moreover, a 
shoulder band at 1634  cm–1 is due to N–H bending vibration 
of –NH2 groups (Sabzevari et al. 2018). The absorption peak 
of Si–O–Si related to silicate in diotamite is reduced upon 
addition of chitosan, titanium isopropoxide, and graphene 
oxide molecules, successively. In the spectrum of DCGr, 
two distinctive absorption peaks are formed. The band at 
the vicinity of 1720  cm−1 is attributed to the absorption of 
carboxylic acid and/or the carbonyl stretching vibration of 
C=O, which is attributed to –COOH and C=O in the surface 
and/or edge and of the graphene oxide. The band observed 
at 1380  cm−1 is the stretching vibration of the epoxy groups 
(C–O–C) and carboxyl C–O in graphene oxide (Sabzevari 
et al. 2018; Annamalai et al. 2019). The broadness of the 
absorption band at 3433  cm–1 is increased in the FTIR 
spectrum of DCGr as compared to that of DC confirming 
the cross-linking of –COOH groups of the graphene oxide 
surface into –NH2 of the DC matrix. All above-mentioned 
results indicate that D sample was successfully modified 
with chitosan and then with graphene oxide, which is abun-
dant in hydrophilic oxygen-containing groups which would 
considerably enhance the adsorption capacity for DC.

Figure 5 shows the thermal properties of the prepared 
samples. All samples show different mass loss with increas-
ing temperature from 25 to 1000 ºC. Data of DTG peaks 
showing temperatures accompanied with mass loss are very 
different, and there are three thermal stages. In the first stage, 

Fig. 3  XRD profiles of the prepared samples

Fig. 4  FTIR spectra of D, DC, DCTi, and DCGr samples
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the peak centered at 50 to 100 ºC is assigned to the loss of 
water absorbed on the diatomite. After that, the peak appear-
ing between 250 to 430°C might be due to the liberation of 
water caused by dehydroxylation of some associated silanol 
groups on the external surface of the diatomite. At the high 
temperature region, the third stage between 520–780 °C has 
been ascribed to a formation of siloxane bridges resulting 
from dehydroxylation of isolated silanol groups on the inter-
nal surface of the diatomite (Goren et al. 2002). As a result 
of the evaporation, new voids and defects may occur form-
ing the amorphous structure in the modified samples. The 
percentages of mass loss were found to be 8, 22, 33, and 60% 
for D, DC, DCTi, and DCGr samples.

The textural features of samples were evaluated using 
the  N2 physisorption analyzer. The Brunauer, Emmett, and 
Teller method (BET) was employed to assess the specific 

surface area  (SBET,  m2/g), total pore volume  (VP,  cm3/g), 
and average pore diameter (RP, nm), as listed in Table 1. It 
can be seen that the applied modifications on the diatomite 
surface can reflect an increase in both total surface area and 
total pore volume with a decrease in average pore volume. 

Fig. 5  TGA profiles of the prepared samples

Table 1  Porous characteristics of the prepared samples as accounted 
from the BET method and slurry pH of samples

Samples SBET 
 (m2/g)

VP  (cm3/g) RP (nm) Pore size 
distribution 
(nm)

Slurry pH

D 16.5 0.0364 104.9 15.9 4
DC 17.7 0.132 29.8 11.3 5
DCTi 29.9 0.126 7.40 5.07 4
DCGr 39.8 0.174 16.6 8.30 8
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Nevertheless, the modification of diatomite with both chi-
tosan and graphene can boost the internal porosity. Obvi-
ously, the DCGr sample exhibited the largest BET surface 
area and total pore volume as compared with the counterpart 
sample DC (cf. Table 1). In addition, the DCGr sample is 
the richest in containing acidic oxygen functional groups 
as coincided by FTIR analysis. From these results, it can 
be concluded that this modification strategy significantly 
enhances the surface and porosity properties of diatomite.

Adsorption studies of Cr(VI)

The contamination of chromium in wastewater streams pro-
duced from various operations of electroplating, tanneries, 
and mining is of great concern because it has dangerous 
impacts on human health and aquatic organisms when the 
concentrations reach above those limited by law. Chro-
mium can exist in nine valence states starting from –2 to 
+6. However, the most stable oxidation forms are hexavalent 
chromium (Cr(VI)) and trivalent chromium (Cr(III)) spe-
cies (Singh et al. 2018; Das et al. 2017; Fathy et al. 2021a; 
Ammar et al. 2021).

The adsorption of Cr(VI) by the unmodified and modi-

fied diatomite was analyzed using Langmuir and Freundlich 

isotherms, and their corresponding data are summarized in 
Table 2. Figure 6A depicts the adsorption isotherms for Cr(VI) 
onto D and DCGr samples as an example with their analyzed 
data by Freundlich isotherm (Fig. 6B). Results indicated that 
the correlation coefficient values  (R2) calculated from the Fre-
undlich isotherm is higher than that of the Langmuir isotherm 
confirming that adsorption is well-fitted by the Freundlich 
model. This finding suggests the formation of more heteroge-
neous sites due to the surface modification. The unmodified 
diatomite D sample showed the lowest adsorption capacity 
(8.22 mg/g), whereas the modified D with chitosan and gra-
phene oxide exhibited the highest capacity (167 mg/g). There 
is an increase of about 91% upon addition of chitosan and 67% 
when graphene oxide is intercalated into the DC sample. This 
enhancement in the monolayer adsorption capacity (Q, mg/g) is 
attributed mainly to high total surface area, total pore volume, 
and reachable oxygen functional groups that uptake Cr(VI) ions 
obtained upon addition of graphene oxide.

Adsorption studies of MB dye

Methylene blue dye (MB) is one of the most recognized 
probe molecules and frequently mentioned in the techni-
cal specifications of activated carbons (Attia et al. 2008; 
Girgis et al. 2011). The fitting parameters of Langmuir and 
Freundlich models are given in Table 3, and the applicabil-
ity was evaluated by using the correlation coefficients  (R2). 
Figure 7A depicts the adsorption isotherms for MB dye onto 
D and DCGr samples as an example with their analyzed 
data by Freundlich isotherm (Fig. 7B). The results indicate 
that the two models can fit the experimental data well. The 
maximum adsorption capacity derived from the Langmuir 
isotherm increases approximately 22 times after modifica-
tion with chitosan and graphene oxide. Therefore, the DCGr 
sample can efficiently remove MB dye from aqueous solu-
tions confirming the validity of modification.

Table 4 summarizes a comparison of adsorption capacity 
of Cr(VI) and MB dye by various adsorbents in the litera-
ture (Fathy et al. 2021a; Mallampati et al. 2015; Jawad and 

Table 2  Equilibrium parameters derived from Langmuir and Freun-
dlich isotherms for adsorption of Cr(VI) onto the prepared materials 
at pH 3.5 and 25 ºC

Models D DC DCTi DCGr

Langmuir
Q (mg/g) 8.22 100 53 167
KL (L/g) 0.837 0.042 0.034 0.027
R2 0.669 0.918 0.909 0.919
Freundlich
KF ((mg/g)/(L/mg)1/n) 2.38 6.28 4.98 6.17
1/n 1.041 0.634 0.474 0.732
R2 0.842 0.954 0.939 0.978

Fig. 6  A Adsorption isotherms 
and B Freundlich plots for of 
adsorption Cr(VI) onto D and 
DCGr samples
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Abdulhameed 2020; Zeng et al. 2020; Fengxi et al. 2016; 
Ebrahimi and Kumar 2021; Allam et al. 2018; Altun 2020; 
Moussout et al. 2018). Taking into consideration the surface 
properties of each adsorbent, it has been found that the best 
adsorbent prepared in this study (DCGr) has a higher adsorp-
tion capacity toward Cr(VI) than toward MB dye as compared 
to other adsorbents.

Conclusions

The current study successed to developed a strategy for 
boosting the surface and adsorption properties of natu-
ral diatomite to remove Cr(VI) and methylene blue dye 
from their aqueous solutions. A novel attempt was made 
to prepare efficient adsorbents of diatomite by integrating 
nanocrystals with the porous matrix of titanium isopropox-
ide and graphene oxide into diatomite modified with chi-
tosan. The materials were characterized using SEM, TEM, 
XRD, FTIR, TGA, and porosity measurements to affirm 
the changes in physicochemical properties of unmodi-
fied diatomite (D). Based on the obtained results from the 
applied analyses, the morphology and surface properties 
of the D sample were enhanced notably after crosslinking 
with either chitosan or chitosan with graphene oxide com-
paring to that of chitosan with titanium isopropoxide. The 
combination of chitosan groups and graphene oxide sheets 
on the D surface led to enhancement in the surface groups 
and textural properties of D. The presence of acidic oxygen 
functional groups and high total surface area of the DCGr 
sample significantly improved the adsorption efficiency 
toward Cr(VI) ions and MB dye from wastewater. The 

Table 3  Calculated parameters from Langmuir and Freundlich iso-
therms for adsorption of MB dye at pH 6 and 25 ºC

Models D DC DCTi DCGr

Langmuir
Q (mg/g) 3.41 30.3 26.3 66.7
KL (L/g) 0.937 0.119 0.165 0.175
R2 0.888 0.941 0.971 0.984
Freundlich
KF ((mg/g)/(L/mg)1/n) 2.38 10.3 8.57 11.4
1/n 1.54 0.218 0.254 0.547
R2 0.962 0.954 0.974 0.997

Fig. 7  A Adsorption isotherms 
and B Freundlich plots for 
adsorption MB dye onto D and 
DCGr samples

Table 4  Comparison of the 
adsorption capacity (Q, mg/g) 
of Cr(VI) and MB dye by 
various adsorbents

Adsorbents Q, mg/g Cr(VI) Q, mg/g
MB dye

Ref.

Modified carbon nanostructures 44–56 (25 ºC) – (Fathy et al. 2021a)
Fruit peels – 62 (30 ºC) (Mallampati et al. 2015)
Mesoporous Iraqi red kaolin – 240 (30 ºC) (Jawad and Abdulhameed 2020)
Activated carbon coated with chitosan 21.8 (30 ºC) – (Zeng et al. 2020)
Chinese diatomite – 15.1 (Fengxi et al. 2016)
Modified diatomite – 127 (Ebrahimi and Kumar 2021)
Activated Moroccan clay – 50 (Allam et al. 2018)
Chitosan coated bentonite clay 106.4 (25 ºC) – (Altun 2020)
Chitosan/Zeolite film 17.3 (25 ºC) – (Moussout et al. 2018)
DCGr 167 (25 ºC) 66.7 (25 ºC) This study
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monolayer adsorption capacity (Q, mg/g) of the GO-LCTS 
material with Cr(VI) was 167 mg/g and with MB dye was 
66.7 mg/g. The Langmuir isotherm model, which suggests 
monolayer adsorption at the binding sites on the surface of 
the adsorbent and adsorbates and is dominated by electro-
static interaction, proved helpful in explaining the adsorp-
tion process of Cr(VI) and MB dye adsorbates. Overall, this 
work demonstrates the potential utility of the diatomite–chi-
tosan–graphene oxide composite as a talented adsorbent in 
the solid–liquid phase adsorption and for potential applica-
tions in wastewater decontamination.
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