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ABSTRACT

A new diatomite-based composite is prepared and used for environmental remediation. The
Algerian diatomite has been used for the first time for this application. Preparation condi-
tions showed increased surface area with improved sorption properties. This composite con-
sisting of diatomite (Dia) and activated carbon (C) was prepared using a mixture of
diatomaceous earth and glucose. Effects of thermal and chemical treatments are studied.
methylene blue (MB), methyl orange (MO) and para-nitro-phenol (PNP) from aqueous solu-
tion were chosen as pollutants to test retention capacity. Physical, chemical and structural
properties of these new hybrid materials have been investigated by several methods. The
surface areas of pure and modified diatomite are estimated to be (22m”g ') and
(100-173 m? g '), respectively. Sorption kinetics and isotherms for MB, MO and PNP were
carried out in order to determine their respective adsorption capacity. The surface charges
(negatives) and macroporosity of diatomite did not allow the adsorption of PNP and MO.
However, modified diatomite (Dia/C) showed ability to eliminate these pollutants, despite
their dominant inorganic nature. The pseudo-second-order kinetics and the Langmuir
model described sorption data reasonably well. The study showed that the composite
materials can be used as potential efficient sorbents.

Keywords: Diatomite; Activated carbon; Composite materials; Thermal treatment; Chemical
treatment; Characterization; Adsorption; Dyes

1. Introduction consumes substantial volumes of aqueous solutions
which will then potentially pollute water resources
after their release. Colour change is the first contam-
ination sign of released water [1]. P-Nitrophenol is a
chemical compound that has a hydroxyl group and a
nitro group [2,3]. These groups are attached to a
*Corresponding author. benzene ring relatively in  para  position.

Synthetic dyes are increasingly used in the textile,
paper and plastics materials. Many industries use the
dyes in order to colour their products, thereto,
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Para-Nitro-Phenol (PNP) is an important intermediate
in the manufacturing of azo dyes [4]. So, PNP also
occurs as contaminants of industrial effluents. The
presence of very small amounts of dyes in water (less
than 1 ppm for some dyes) is highly visible and unde-
sirable [1,5].

The treatment of effluents has become a challeng-
ing topic in environmental sciences, because of the
complexity of the required purification processes and
methods. Besides capital cost, required consumables
(e.g. adsorbents cost) make effluent treatment quite
expensive in numerous cases. The simplicity of the
pollutants adsorption process makes it an increasingly
important in purification and separation at the indus-
trial scale. Activated carbon is one of the most widely
used adsorbent in industry. However, carbon adsorp-
tion technology is still an expensive process. In the
recent years, this has prompted a growing research
interest into the low-cost alternatives for the produc-
tion of activated carbon materials on new generation
of hybrid-based mineral composite such as diatomite
that can be applied to water treatment [6-10].

The main component of diatomite is 5iO,, with a
relatively small percentage of other oxides such as
AlL,O3, Fe;O3, MgO, CaO and others. The total content
varies depending on source; the Algerian diatomite is
particularly polluted by a high rate of calcium carbon-
ates that can exceed 10%.

Diatomite, also referred as diatomaceous earth, is a
soft lightweight pale coloured sedimentary rock avail-
able in large deposits around the world and widely
used in industry [11-13]. It consists of silica microfos-
sils of aquatic unicellular alga varying in shape and
size of diatom (typically 10-200 um) [14]. The porous
structure, the low density, the high surface area [15-
21] and the low cost [22] make the diatomite and the
treated diatomite, good sorbent candidates. The diato-
mite is known to show good adsorbent properties
towards inorganic pollutants and basics dyes [15-21].

The microporous and hydrophobic structure of the
carbon matrix allows good adsorption properties
towards non-polar molecules. Thus, the complemen-
tarily of these two components may give raise to
hybrid composite materials with optimal separation
properties for a wide range of pollutants. Thus, the
Dia/C composite could be of high interest for some
specific applications such as separation and purifica-
tion purposes [14,20,23-31].

The high adsorptive capacities of activated carbons
are related to properties such as surface area, pore
volume and porosity. These unique characteristics are
dependent on the type of raw materials employed and
the method of activation. The manufacturing process
of activated carbons involves two steps: the carboniza-
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tion of raw carbonaceous materials in an inert atmo-
sphere and the chemical-physical activation of
carbonized product.

In previous works [29-31], composites were pre-
pared from a mixture of diatomite and local charcoal
using pyrolysis, and were tested against p-cresol [30]
and heavy metals [31]. In situ production of activated
carbon may reduce the overall cost. Furthermore, the
porous textures could be tuned as function of the
preparation conditions [32].

The main objective of this study is the synthesis of
diatomite/carbon composites, (where carbon was pre-
pared “in situ” from glucose), using thermal [33] and/
or chemical [34] activation treatments. For the first
time, Algerian diatomite will be used for preparing
these composites and tested. This approach is
expected to improve purification efficiency while
using a biomass source for the carbon component [35].
To better understand the effect of preparation condi-
tions, detailed testing and physicochemical character-
izations have been carried out in parallel in this work
and reported in this paper. Specifically, sorption
properties were evaluated using a cationic dye methy-
lene blue (MB), an anionic dye methyl orange (MO)
and a neutral organic pollutant 4-nitrophenol (4-NP)
from diluted aqueous solutions. The adsorption per-
formance of the hybrid composites was evaluated and
compared to diatomaceous earth.

2. Experimental part
2.1. Materials

A raw diatomite sample, (called KNT hereafter
[28-30]), from the Sig deposit located in the westward
of Algeria was used as starting material. The chemical
composition (wt%) of this white porous material is
784 (SiO,), 11.1 (Ca0), 2.5 (ALO3) and 1.3 (Fe;O3).
The diatomite is grinded then sifted until obtaining
homogenous powders with grain sizes lower than
50 pm. Diatomite (50 g) and glucose (50 g) were dry
blended before adding water (10 mL) to form an
homogeneous paste which was then dried (80°C),
grinded and sieved. Four composite materials called
(Dia/C);, (Dia/C)., (Dia/C) and (Dia/C)i. were pre-
pared by thermal, chemical, chemical followed ther-
mal and thermal followed by chemical of this mixture,
respectively (Table 1). From the raw diatomite, four
activated diatomite without incorporation of carbona-
ceous materials, referred by KNT,;, KNT.,, KNT and
KNT,., were also prepared and used as references.

During thermal treatment, the mixture is exposed
to an inert N, gas flow up to 850°C with heating speed
equal to 15°C/min and left for 1h at the final
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Table 1
Characteristics of the different materials used in this study
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Symbol Starting from First treatment Second treatment
KNT KNT - -

Dia/C KNT/glucose - -

(KNT), KNT Thermal -

(Dia/C), Dia/C Thermal -

(KNT), KNT Chemical (H,SO,) -

(Dia/C). Dia/C Chemical (H,SOy) -

(KNT)et KNT Chemical (H,SOy) Thermal
(Dia/C)e Dia/C Chemical (H,SO,) Thermal
(KNT);c KNT Thermal Chemical (HCI)
(Dia/C)ye Dia/C Thermal Chemical (HCl)

temperature. The acid (chemical) treated samples were
obtained using HCl 0.5 N/concentrated H,SO,. In the
case of H,SO, treatment, glacial sulphuric acid was
added to the same starting mixture. The resulting mix-
ture is left covered for 24 h at room temperature and
then dried in an oven at 30°C.

For the HCI treatment, after the thermal treatment,
the material is subjected to an HCI treatment. The
mixture is then placed in a flask fitted with a con-
denser; the resulting reaction mixture is maintained at
100°C for 6 h. Following acid reaction, materials are
rinsed with distilled water until the washing water
reaches a neutral pH. Resulting samples are dried
overnight at 110°C and then preserved in hermetically
closed bottles before their use.

2.2. Characterization

The X-ray diffraction patterns were obtained using
a PAN Analytical X-PERT PRO X-ray powder diffrac-
tometer (Cu Ka radiation, 1 =1.5418 A, 45 kV). The
indexation and phase identification were determined
using X'pert Highscore plus Panalytical software.
Nitrogen sorption properties were measured using a
Micromeritics Sorb II 2300. Specific surface area was
calculated from the Brunauer-Emmett-Teller (BET)
equation. Microstructure and morphology of the
materials were recorded by SEM on a Philips XL 30
(accelerating voltage of 15 kV). FTIR spectroscopy (us-
ing a Perkin Elmer spectrum 65 FTIR spectrometer)
was performed in the 4,000-400 cm™! range to identify
the chemical functional groups present in the samples.
The FTIR sample was obtained after finely grounding
and dispersion into KBr powder-pressed pellets. Zeta
potentials were measured with a Zetaphorometer IV
(CAD Instruments) using at least three different
samples.

2.3. Adsorption experiments

MB, MO and 4-nitrophenol (4-NP) stock solutions
(1gL™") were prepared by shaking in Milli-Q water
and buffered at pH 5.5 at room temperature. Kinetic
studies were conducted in brown flasks at room tem-
perature by shaking 0.1 g of sorbent at 260 rpm on a
mechanical shaker (EDMUND BUHLER GmbH SM-
30), with 100 mL of 50 mg L ! solution containing MB,
MO or 4-NP. The samples were withdrawn from the
shaker at intervals from 0 to 1,440 min. Isotherms
were determined by shaking different amounts of
adsorbents (varying from 25 to 500 mg) with 100 mL
of 50 mg L™" solution containing MB, MO or 4-NP for
24 h. After filtration through a 0.45-um membrane,
samples concentrations for kinetic and isotherms
experiments were determined by UV-Visible spec-
trophotometry on a CARY 50 Probe (Varian spec-
troscopy instruments) at A =318 nm (4-NP), 505 nm
(MO) and 664 nm (MB).

Modelization of the adsorption data was per-
formed by non-linear regression analysis using STA-
TISTICA 6.0 software on a Windows XP platform. The
suitability was assessed on the basis of R®. Kinetic
data were fitted using a pseudo-second-order model
following previous works [29,30], (Eq. (1)):

geq® Kyt

q(t) =1 Gkl ™
With g.q the amount of the pollutant adsorbed at equi-
librium (mg g™"), g (#) the concentration of pollutant at
time t and K, is the pseudo-second-order rate constant
(g mg ' min7).

Isotherms data [29,30]
Langmuir model (Eq. (2)):

were fitted wusing a
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che
qeq - qmax 1 + KlCe (2)
where goq (mg g™"), Co (Mg L™), gmax (mg g™") and Ky
(L mg ") are the amount of the pollutant adsorbed at
equilibrium, equilibrium concentrations, the Langmuir
constants related to the sorption capacity and energy,
respectively.

3. Results and discussion
3.1. Characterization of composites

Measurements with scanning electron microscopy
(SEM) showed that the diatom shells are disk-shaped
and relatively uniform in diameter (Fig. 1). The aver-
age size of these diatoms is estimated at 40 um. A
highly developed porous structure with a pore size of
1-2 pm could be also inferred from images. The treat-
ments seem to open more pores of natural diatomite
and reduce its thickness (Fig. 1).Further investigation
has also shown the adhesion of silica (Kieselguhr)
with the carbonaceous product. This indicates the
carbon materials deposition as well as a uniform dis-
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tribution on the porous matrix surface (Fig. 1). The
carbon coating on (Dia/C), is very thin because the
macropores are clearly identifiable on the surface of
the composite probably due to acid attack.

A characteristic of the Algerian diatomite used in
this study is its high level of carbonate and the treat-
ments induced a colour modification of the material.
The KNT is pale yellow before any treatment. The
FTIR spectrum of natural diatomite (Fig. 2(A)) showed
adsorption bands assigned to symmetric stretching of
Si—O-Si (470, 695 and 800 cm ') [36], carbonate (cal-
cite) v2-out of plane symmetric stretching (875 cm™)
[37], asymmetric stretching vibrations of the siloxane
group Si-O-Si (1,095 cm™Y) [36,38,39], carbonate (cal-
cite) v3-asymmetric stretching (1,430 cm™") [37] physi-
cally bonded water (1,640 ecm™Y) [26,28-30] and free
silanols groups (3,400-3,600 cm™Y) [36,38-40]. Changes
which occur in the FTIR spectra upon treatments are
noteworthy. When thermal treatment is applied, a
drastic decrease in H,O bands intensity and in the
specific calcite vibrations (marked by a circle in
Fig. 2(A)). The chemical treatment did not remove
completely the water-related peaks. The calcite
vibration peaks were totally removed by the (single)

(Dialc)t

Fig. 1. Scanning electron microscope image of raw the diatomite (KNT), the treated diatomite (KNT);, (KNT),, (KNT),,
(KNT); and the diatomite/carbon composites (Dia/c);, (Dia/c), (Dia/ )i, (Dia/c)et.
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Fig. 2. FTIR spectra of (A) natural diatomite KNT and thermally activated KNT,, (B) KNT and chemically activated KNT,,
and (C) KNT and the diatomite/carbon composites (Dia/C);, (Dia/C).. Circles show the calcite stretching vibration peaks.

chemical treatment (Fig. 2(B)). Combinations of ther-
mal and chemical treatment have reduced significantly
the Si-O-Si-related peaks. Note that the weak absor-
bance peaks of the carbon phase [41] were not
observed on the FTIR spectra of the diatomite/carbon
composite materials (Fig. 2(C)).

Fig. 3 shows the effect of the different treatment on
the raw and modified diatomite materials. It is clear
that the diffraction patterns related to silica are not
significantly modified by the different treatments. This
indicates that the starting raw materials (KNT) have a
high resistance to the different treatments. Chemical
treatment of the raw diatomite (KNT. in Fig. 3(A))
increases the amorphous phase, while calcite disap-
peared in accordance with the FTIR results. Thermal
treatment does not totally remove the calcite from the
raw diatomite (KNT; in Fig. 3(A)). Action of successive
activation processes lead to XRD spectra similar to the
last activation process (Fig. 3(B)).The carbonaceous
material layer gives raise to two broad XRD diffrac-
tions peaks, observed at 22° and 45°, and attributed to
(002) and (100) reflections [42], respectively
(Fig. 3(C)). The graphitization degree of carbon is

related to the crystallite size d estimated from the
(002) peak width [42]. A value of d=0.411nm is
obtained. This value is larger than that of the ideal
graphite (0.335 nm) [43] indicating that the carbona-
ceous material layer was formed with some degree of
disorder [44]. Successive chemical and thermal treat-
ment of diatomite/glucose mixture enhances the
amorphization (Fig. 3(D)).

Following chemical modification, the specific sur-
face area of the diatomite significantly decreases indi-
cating important structural changes and possibly a
lower potential adsorption capacity. The total pore
volume of diatomite decreased, due to structural
changes. A similar observation was reported else-
where [45-47].

The treatment processes (carbonization) promote
the increase in the surface area and the development
of the structure for (Dia/C). (Dia/C); and (Dia/C).
materials. In the case of (Dia/C), the surface charac-
teristics of the pores are not different from the raw
diatomite. This corroborates the results of the XRD
where an increase in amorphous phase has been
observed. An increase in BET surface area from
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Fig. 3. X-ray diffraction pattern obtained from (A) KNT, KNT; and KNT,, (B) KNT;, KNT, KNT. and KNT,., (C) KNT

and (Dia/C)., and (D) KNT, and (Dia/C).

20.120 m* g ™' (raw Diatomite) to 110.469, 148.836,173.
435 and 21.732m”*g' has been measured for
(Dia/C)., (Dia/C),, (Dia/C). and (Dia/C)., respec-
tively. A more detailed comparison of the surface area
and pore volume for the raw and modified diatomite
is shown in Table 2.

The zetametry provides information regarding the
transition from the negative charged layer to the posi-
tive charged layer on the surface of materials. We
have found that at low pH, the isoelectric value (pH;e)
increases from 1.7 to 3 following treatement of the
raw diatomite (Table 2).

Table 2

Zeta potential was modified with the activation
processes [46]. When pH is decreased in a basic solu-
tion, more positive charges were added until the iso-
electric point is reached at pH around 3.0. Given that
the diatomite surface is naturally negatively charged,
acid activation will give raise to positively charged
material. Thermal activation and followed by acid
activation will thus create even more charges in accor-
dance with previously results [24,48].

A single activation gives raise to carbon phase
within the diatomaceous earth matrix. The second
activation process improves carbon adhesion and

Physical characteristics of the different materials used in this study. Surface area (S), pore volume (V) and isoelectric

potential are provided

Material Sy (m*g™h) S m?g™) Sc(m*g V¢ (em® g™ PHiep
KNT 20 14 6 0.003 -
(Dia/C). 173 71 102 0.044 1.7
(Dia/C); 110 28 82 0.042 <2
(Dia/C)yc 149 32 117 0.063 27
(Dia/C) 22 3 19 0.01 1.8

Notes: (Dia/C)y series were prepared with addition of glucose on diatomite (where x is their treatment), respectively. t, ¢, tc and ct corre-
spond, respectively, to the treatment thermal, chemical, both of (thermal and chemical) and both of (chemical and thermal). a: surface

BET area; b: external surface; c: micropore area; d: micropore volume; pH;e: pH isoelectric.
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removes impurities embedded during the first activa-
tion stage. However, characterizations showed poor
performance of the material which undergoes the sec-
ond thermal activation in the case of (Dia/C).. This is
due to the high-rate formation of amorphous phase
with small specific surface area.

3.2. Kinetics of adsorption from solutions

The relative retention properties of MB, MO and
PNP on the raw diatomite (KNT) have been evaluated.
Only MB is found to adsorb effectively. Data do not
indicate any sign of adsorption in the case of neither
MO nor PNP. We studied the kinetic evolution (not
shown) of the adsorption of the (MB, MO and PNP) on
the differents adsorbents and fitted the results to the
second-order kinetic model (Table 3). The negative sur-
face charge of raw KNT under neutral/alkaline pH val-
ues favours the sorption of cationic species and weak
capacities were determined (<2 mg g~ ") for the anionic
dye (MO) and the neutral phenolic pollutant (4-nitro-
phenol) (Table 3). Ho and Mckay’s pseudo-second-
order model Eq. (3) [49] is used to describe the kinetics

t 1 t
. 3)
gt Kogl,  q

With K, the rate constant of sorption (g mg™' min™?),
feq is the amount of the pollutant adsorbed at equilib-
rium (mgg ') and g is the amount of the pollutant
adsorbed at any time t (mg g ).

This model predicts the effect over the whole
adsorption range. It was shown that the adsorption
mechanism is the limiting stage, not the mass trans-
port [50,51].

The calculated pseudo-second-order constant for
all molecules showed some significant different
between the different molecules (Table 3). The thermal
or chemical treatment of (Dia/C) increases the reactiv-
ity and the affinity of composites materials for the
three pollutants. However, activation is more favour-
able for the kinetic adsorption of MB.

Table 3
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3.3. Isotherms

Following the kinetic experiments, the equilibrium
adsorption isotherms were obtained.

The results show that the adsorption balance when
using differents masses of the produced activated car-
bons in liquid phase at initial concentration of pollu-
tants in water.The isotherms (Fig. 4) can be classified
as L-2 type according to the classification suggested
by Giles et al. [52]. This indicates that the adsorption
process is stimulated. Langmuir isotherms which indi-
cate a homogenous [53] distribution of active sites on
the surface with monolayer surface coverage of
organic compounds fit well with the results (Fig. 4).

The adsorption results (Table 4) showed that
adsorbent ((Dia/C).) has a higher capacity for remov-
ing MB. This is attributed to higher active sites (posi-
tive ions) in ((Dia/C).) which can react with the
functional groups of MB. This reaction may lead to
some complex formation. It is worth noting that basic
dye adsorption capacity of activated carbon depends
not only on the BET surface area, but also interaction
of positive ions with surface functional groups of acti-
vated carbons [54,55]. While the activated carbon
((Dia/C)) has a higher capacity for removing MO
and PNP. Results shown in Table 4 point out that all
pollutants were adsorbed in a greater extent on the

40,

A) ‘e (Dia/C), m :(DialC),
0 (Dia/C) o :(DialC)q

) _  Methyl orange |
0 10 20 30 40 50
Ce (mg.L)

Fig. 4. Methyl orange adsorption isotherms obtained on
the different diatomite/carbon composites.

Kinetics pseudo-second-order parameters obtained for PNP, MB and MO by composit materials

Materials (Dia/c).

(Dia/c);

(Dia/ e (Dia/c)

(1.1+0.2) 1073
6.6 +1.0) 10
(32+04)107°

K5 (4-nitrophenol PNP)
K, (Methylene blue MB)
K, (Methyl orange MO)

(74 +£0.8) 1074
(1.6+0.2) 1074
(2.5+03)107°

6.1+0.7) 107 -
(4.5+09) 1072 (5.4+07) 1074
(1.0+0.2) 107° 62 +05) 1074

Note: K, is expressed in L mg ™' mn ™.
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Table 4
Langmuir constants of MO, MB, PNP biosorption by composit materials
(Dia/C). (Dia/C), (Dia/C)yc (Dia/C)
Methyl orange (MO)
Gmax (Mg g™ 33.8+24 155 +0.2 33.6+1.1 212+19

KL

R2

Methylen blue (MB)
fmax (Mg g ")

Ky

R2

4-Nitrophenol (PNP)
Gmax (Mg g™")

Ky

RZ

(7.6 +1.5) 1072
0.960

63.4+0.8
(5.2 +0.3) 107!
0.997

63.6 + 5.5
(2.7 £0.05) 107"
0.924

(17.1 £ 1.0) 1072
0.989

275+ 0.8
(2.6+0.4) 1071
0.967

343 + 3.0
2.7 +0.2) 107
0.910

(11.1 £1.1) 1072
0.987

25.6 + 0.9
(25.6 +5.2) 107!
0.959

63.8+7.4
2.1+0.1) 107"
0.937

(5.9 +1.6) 1072
0.941

95.3+19.8
(0.17 £ 0.05) 107!
0.989

38.6x+1.7
(2.37 £ 0.45) 107"
0.968

carbon samples than on the raw precursor materials.
Indeed, carbonization of diatomite leads to materials
able to remove anionic dye (MO) and neutral phenolic
pollutant (4-nitrophenol) from aqueous media.

4. Conclusion

The objective of this work is to develop, character-
ize and apply new hybrid composite materials, using
for the first time a mixture of Algerian diatomaceous
earth and glucose as carbon precursors (Dia/C). This
could represent a cost-effective alternative to current
commercial technologies for organic and inorganic
pollutants. The retention properties of these novel
composites have been optimized through different
materials treatments.

In this work, a series of activated carbons compos-
ites were prepared from single or combination of
treatments. These novel materials have been tested for
their retention capacity for some environmental pollu-
tants. The pollutants chosen in this study are MB, MO
and 4-nitrophenol (PNP).

Using SEM and the gas adsorption techniques, we
showed the formation of a carbon film on the silicic
matrix with a porous texture. The high specific surface
gives raise to a mesostructure. The operating condi-
tions used for the diatomite treatments have not only
led to structural and textural changes but also to
change in the chemical properties of the starting mate-
rials.

We have also observed that the retention of polu-
tants in the composites materials is controlled by the
pseudo-second-order model. On the other hand, the
adequacy of the model of Langmuir adsorption of the
three pollutants, revealed specific adsorption, without
adsorbate-adsorbate interactions.

All these results demonstrate that despite their low
porosity, Algerian diatomite is cost-effective matrix
material for the removal of aromatic (non-polar) and
dyes (acidic and basic), and their use in remediation
of polluted streams.
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