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Abstract. Hranfa’s marl, a local natural mineral, is selected for the decontamination by adsorption of aqueous effluents in textile
industry. Its physicochemical characterization is first performed. It is composed mainly of Calcite, Quartz, Ankerite and Muscovite.
Its specific surface area is 40 m? g. Its adsorption performance is then tested in batch conditions using an industrial organic dye,
Bemacid Red E-TL, as a model pollutant. The measured adsorption capacity of Hranfa’s marl is 16 mg g which is comparable to
that of other types of natural adsorbents. A hybrid process is tested coupling adsorption of the dye on marl in suspension and
microfiltration. An adsorption reactor is inserted into the circulation loop of a microfiltration pilot using ceramic membranes. This
makes possible a continuous extraction of the treated water provided that a periodic replacement of the saturated adsorbent is done.
The breakthrough curve obtained by analyzing the dye concentration in the permeate is close to the ideal one considering that no
dye will cross the membrane as long as the adsorbent load is not saturated. These first experimental data provide proof of concept

for such a hybrid process.
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1. Introduction

Water is essential to life and to any socio-economic
activity, whatever the level of development. Its excessive
consumption for manufacturing finished products by many
industries (textiles, paper, chemicals, plastics, metals,
microelectronics, food processing, etc.) generates huge
amounts of wastewater containing complex mixtures of
pollutants. As an example, the overall global production of
wastewater was estimated to be 450 km? per year in 2010,
approximately 30 % of which was accounted for by the
industrial sector (Florke et al. 2013).

Industrial wastewaters containing dyes and/or heavy
metals are too often rejected in the environment without any
prior treatment. The presence of dyes in these effluents
constitutes a danger to human health and the environment
because of their stability and their recalcitrant power, which
make them toxic and carcinogenic (Djafer et al. 2017,
Charumathi and Das 2012).

The dye removal from industrial effluents can be done
by implementing biological, physical and/or chemical
techniques such as electrolysis, chemical precipitation,
membrane filtration, reverse osmosis, ion exchange,
activated sludge, coagulation flocculation and adsorption on
activated carbons (Perineau et al. 1983, Yang et al. 1988, Fu
and Viraraghavan 2001). Adsorption processes implementing
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activated carbons are currently the most commonly used.
However, activated carbons, in the form of powders or
granules, are rather expensive adsorbents (current market
price of ~ 1 € kg).

Efforts are currently oriented towards low cost
adsorption processes using biosourced or natural mineral
materials such as algae, wool waste, agricultural waste
(corn ear, hulls of nuts, rice husk etc.), chitin, chitosan or
zeolites and clays (bentonite, kaolinite etc.). Compared to
activated carbons, these natural adsorbents have shown
rather good efficiency for the removal of pollutants from
industrial effluents, especially for heavy metals and dyes
(Reddad et al. 2004, Dali-Youcef ef al. 2006, Cimino et al.
2000, Vaughan et al. 2001, Baghriche ef al. 2008, Bagane
and Guiza 2000).

This work is part of a project to exploit different local
clay minerals (marls, bentonites, kaolinites) for the
decontamination by physisorption of industrial aqueous
effluents containing pollutants like organic dyes or heavy
metals. The basic idea is to select low cost and abundant
natural adsorbents even if their adsorption performance is
poor compared to advanced synthetic materials, and to
favor their storage after use rather than their regeneration.
Due to its abundance, a local marl has been selected here,
namely Hranfa’s marl. Its physicochemical characterization
was first performed. Its adsorption performance was then
tested in batch conditions using an industrial organic dye,
Bemacid Red E-TL, as a model pollutant. In view of its
future technological use in simple and robust conditions, it
was finally implemented in a hybrid process coupling
adsorption and membrane separation. To this end, the
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adsorption reactor with marl in suspension was inserted into
the circulation loop of a microfiltration pilot using ceramic
membranes, for a continuous extraction of the treated water.

2. Materials and methods
2.1 Materials

The diatomaceous marl of Jebel Dhahra in Hranfa (30
km north-west of Chlef, Algeria) used as adsorbent was first
crushed and then sieved in a shaker brand of type Retsch-
5657 Haan equipped with a series of sieves. The fraction
80-100 pm was selected for the adsorption tests.

The tested industrial dye was Bemacid Red E-TL (CHT
2019). It belongs to the category of water-soluble anionic
dyes and was provided by the artificial silk production
company EATIT, in Tlemcen (Algeria). A stock solution
was prepared by dissolving 1000 mg of dye per liter of
double distilled water. From this stock solution, diluted
solutions were prepared to carry out different experiments
in batch conditions or in the hybrid pilot unit.

2.2 Physicochemical characterization of Hranfa’s
marl

The morphological analysis and the elemental chemical
composition of the marl were investigated using a Scanning
Electron Microscope (SEM) of type Zeiss EVO HDI15
equipped with an X-ray energy dispersion (EDX)
spectrometer of type Oxford Instruments X-Max N SDD.

The specific surface area was measured by N
adsorption at the liquid nitrogen temperature and by
applying the Brunauer—-Emmett-Teller (BET) method,
thanks to an ASAP-2020 Micromeritics apparatus.

The identification of the main crystalline phases
constituting the marl was carried out thanks to a X-ray
diffractometer of type Malvern Panalytical X-Pert PRO
using the monochromatic radiation Ko, Cu = 1.5418 A,
with 2 varying from 3 to 80° and a step of 0.017°. The
Fourier Transform InfraRed (FTIR) spectrum was recorded
in transmission mode with powder dispersed in a KBr pellet,
and using a spectrometer of type Bruker Tensor 27.

The thermogravimetric analyses (TGA) were done using
an apparatus of type TA Instruments SDT 2960.

The turbidity of the marl suspensions was measured
using a turbidimeter Lovibond.

2.3 Adsorption measurements in batch conditions

The batch study was carried in 500 mL Erlenmeyer
flasks containing 200 mL of solution with various dye
concentrations (20-180 mg L™).The marl was dispersed
under stirring with content in suspension ranging from 0.5
to 3.0 g L', The effect of pH on the dye removal was
studied in a range from 2 to 10 by adjusting the suspension
pH with 0.1 M HCI or 0.1 M NaOH solutions. The pH
measurements were conducted using a HANNA 120 pH-
meter.

The reactor was put on a rotary shaker at a constant
speed of 300 rpm under controlled temperature ranging

from 15 to 45 °C thanks to the use of a thermostatically-
controlled water bath.

Aliquots were periodically taken and centrifuged at
3000 rpm for 5 min. The supernatant liquid was used for
measuring the residual dye concentration in solution thanks
to the measurement of the absorbance at A = 508 nm with a
UV-Vis spectrophotometer Shimadzu UV-1280.

2.4 Hybrid process coupling adsorption and
membrane separation

The schematic representation of the pilot used for these
experiments is given in Fig. 1.

A feed tank containing 14 L of dye solution was
connected with an adsorption reactor of 11 L stirred with a
mechanical agitator Ika RW16 Basic, rotating at ~ 200 rpm.
For experiments with adsorbent, 80 g of marl were
dispersed in this adsorption reactor. The mixing was good
enough for considering the reactor as perfectly agitated. All
these experiments were done at 20 £ 2 °C. The overflow of
the reactor was poured in the loop of a filtration unit of type
Minipilot Orelis Environnement equipped with a single
channel tubular alumina microfiltration membrane
Microkleansep ™ (i = 0.6 cm, L = 40 cm, filtration area
= 0.007162 m?, average pore size of the separative layer =
0.1 pm). This membrane was selected in order to retain the
micron-sized elemental particles resulting from the
progressive attrition of the marl aggregates. The total
volume of liquid into the loop was equal to 8§ L. The
transmembrane pressure was fixed at 0.5 bar and the
circulation rate was maintained at ~ 1 m/s. The permeate
was collected in a permeate tank whereas the retentate was
reinjected in the bottom of the adsorption reactor. The flow
from the feed tank to the adsorption reactor was controlled
to be as close as possible to the outgoing permeate flow (in
the range from 20 to 25 mL min!).

It must be here noted that tests of repeatability done
both for batch and hybrid process experiments did not
evidence significant differences (in the same order as the
experimental uncertainties materialized by the error bars
reported in the different figures).

3. Results and discussion

3.1 Physicochemical characterization of Hranfa’s
marl

The SEM image in Fig. 2 shows a great diversity of
morphologies: rounded particles, platelets, needles and also
entities with architectural porosity similar to frustules (silica
shell) of diatoms. A wide particle size distribution is also
observed, ranging from a few pm to several tens of pm
despite the initial selection of the particle class [80 — 100
um]. The divided nature of this marl is also confirmed by a
BET surface area equal to 40 m? g'! (Table 1). This value is
very low compared to that of activated carbons which can
exhibit specific surface areas more than 1000 m? g

Preliminary tests of sedimentation also confirmed the
existence of a significant part of fine particles (micron-sized)
showing a low sedimentation velocity (~ 5 107 m s!) and
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Fig. 1 Schematic of the pilot unit coupling an adsorption reactor and a microfiltration loop equipped with a single-channel

tubular ceramic membrane

e e R
Fig. 2 SEM image of Hranfa’s marl

Table 1 Physicochemical characteristics of Hranfa’s marl

. Elemental composition Weight loss
BET specific g EDX (wt%;+  at 900 °C from
surface area 1 %) TGA
2 o1
ML) o S Ca Fe Al Mg (Wt%:+1%)
40+ 1 45 26 18 5 4 2 24

resulting from the easy fragmentation/attrition of larger soft
aggregates of marl.

The X-ray pattern of Hranfa’s marl is shown in Fig. 3a.
The four main crystalline phases are, in descending order of
importance, calcium carbonate in the form of Calcite, silica
in the form of Quartz, Ankerite (calcium magnesium iron
carbonate, Ca(Fe,Mg,Mn)(CO3);) and Muscovite, a
phyllosilicate of general formula KAl,(AlSi3010)(OH,F),.

About this last compound, it must be noted that the
identification of the clay phases is very delicate, many clays
having very close diffractograms with peak positions
varying with chemical composition. Moreover, for the
peaks associated with the interlamellar space (in the case of
lamellar structures), the position may vary greatly
depending on the swelling of the clay. On the other hand,
the diatom frustules seen by SEM are composed of
amorphous silica.

The FTIR spectrum of Hranfa’s marl is given in Fig.
3b. The broad band in the range 3800-3000 cm!

corresponding to stretching of OH groups is mainly due to
adsorbed or capillary-condensed molecular water as
confirmed by the presence of the band centered at 1645 cm”
! and assigned the bending vibration of H>O. The strong
band centered at 1475 cm! is resulting from the vibration of
the carbonate groups present in Calcite and Ankerite. The
broad domain of strong absorbance from 1300 cm™ to 400
cm’! is related to vibrations in the different inorganic
networks forming Hranfa’s marl.

The elemental composition deduced from EDX analyses
as well as the weight loss measured by TGA at 900 °C, are
in rather good agreement with the different phases
identified in the marl (Table 1). Moreover, the
preponderance of calcite and a lower content of clay in the
used natural mineral are in accordance with its designation
as being a marl.

3.2 Adsorption measurements in batch conditions

The adsorption of the dye by the marl increases with
time and goes through two distinct stages (Fig. 4a). The
initial high rate of removal is due to rapid sorption through
the outer surface of the adsorbent. This phenomenon can be
explained by the existence of numerous active sorption sites
easily accessible to the adsorbate present in the solution
(Dinger et al. 2007, Yaneva and Koumanova 2006). A
slowing down of the sorption rate to the equilibrium stage
can be assigned to a decrease or absence of active sites
available on the surface, which causes repulsive forces
between the dye molecules fixed on the surface of the
adsorbent and the molecules remaining in the solution
(Kumar et al. 2011). The sorption equilibrium of the dye is
attenuated after a stirring time of 20 min associated with an
adsorption capacity Q. =12.6 mg g'..

Different kinetics models were tested (pseudo first order,
pseudo second order, intraparticle diffusion, Elovich). The
best fit was obtained using the pseudo second order model
leading to a kinetics constant of 0.243 g mg! min’!, with a
coefficient of determination R? equal to 0.999.
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Fig. 3 XRD pattern (a) and FTIR spectrum (b) of Hranfa’s marl
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Fig. 4 Adsorption results in batch conditions for an initial concentration of dye, Cy, equal to 20 mg L™ and an adsorbent
dose equal to 1.5 g L. (a) Evolution of the adsorbed weight per gram of adsorbent, Q., as a function of time. The
temperature T was equal to 20 + 2 °C and the pH of the suspension was equal to 8.2; (b) Effect of pH on the adsorption
capacity Q.. The temperature T was equal to 20 &+ 2 °C; (c¢) Effect of temperature on the adsorption capacity Q.. The pH was

equal 6.

The pH of the solution is a parameter influencing
adsorption, since it can affect the surface charge of the
adsorbent and also the electric charge and the solubility of
the dye present in the aqueous solution (Aguedal et al. 2019,
Hasnain I et al. 2007, Barkat ef al. 2014, Djafer et al. 2014,
Aguedal et al. 2017, Singh et al. 2009). A negative surface
charge of adsorbent does not favor the adsorption of dye
anions due to electrostatic repulsion (Namasivayam and
Kavitha 2002). Although a maximum dye adsorption is
observed at pH = 6, the variation of Q. in the studied pH
range is rather limited (Fig. 4b). As previously discussed,
Hranfa’s marl consists of several phases exhibiting quite
different surface chemistries. The silica phases (Quartz and
amorphous silica from the diatom frustules) as well as
Muscovite have Zero Point of Charge (ZPC) values lower
or equal to pH = 2 (Cases 1969, Iler 1979). Their surface
charge is thus negative in the studied range of pH. The ZPC
of calcium carbonate is close to 9.5 (Huang 1975) and its
surface charge is positive for lower pH values. Despite the
lack of knowledge on the exact chemical nature of the used
industrial dye, taking into account the natural pH of ~7.1 for
a dye concentration Cp of 20 mg L™, it can be deduced that
their acid functions are very weak with pKa values close to
10. The dye molecules are thus mainly neutral (not
deprotonated) in the investigated range of pH.

It is known that the increase in temperature influences
the mobility of the molecules which promotes the diffusion
of the adsorbate through the liquid-solid interface and into
the pores of the adsorbent due to the decrease in the
viscosity of the solution (Aguedal ef al. 2019). Figure 4c
indicates that the equilibrium uptake decreases with
increasing temperature above 20 °C. Such decreased

surface activity can be related to the exothermic nature of
the phenomenon (Aksu and Karabayir 2008) which has
been experimentally confirmed in the present case but will
not be detailed in this paper.

The influence of the dose of the adsorbent on the
adsorption capacity was studied for different doses ranging
from 0.5 to 3 g L. Figure 5a shows a maximum of
adsorption capacity, with Q. = 16 mg g’', when the dose is
equal to 1 g L', The decrease of Q. with the increase of
adsorbent dose can be explained by a lower dye
concentration in the solution at the equilibrium.

According to the literature review, the initial
concentration of the pollutant has a significant influence on
the retention capacity of the solid support. In order to study
its effect, we considered the concentration range from 20 to
180 mg L' (Fig. 5b). The adsorption capacity increases
with the increase in the initial concentration of the dye until
reaching a plateau. The adsorption of the marl becomes
constant. Linearity for low concentrations shows that the
number of free sites, created during the adsorption, remains
constant. For large concentrations (> 140 mg L), the
adsorbed amount does not change because the active sites
are fully saturated. This same phenomenon has already been
reported by other authors using different dyes (Djafer et al.
2017, Ho and Ofomaja 2006).

Table 2 gives data selected from the literature
concerning the adsorption capacity of different natural
materials for different organic dyes and experimental
conditions close to those adopted in this study in terms of
adsorbent dose and initial concentration of dye. Despite the
heterogeneous nature of Hranfa’s marl and its low content
of clay, its adsorption performance towards organic dye is
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Fig. 5 Adsorption results in batch conditions for pH = 6 and T =20 £ 2 °C. (a) Evolution of the adsorption capacity Q. as a
function of the adsorbent dose. Co was equal to 20 mg L!; (b) Effect of the initial concentration of dye, Co, on the

adsorption capacity Q.. The dose was equal to 1 g L.

Table 2 Adsorption capacity of different natural materials
for different organic dyes

Oreanic Specific Adsorption
Adsorbent & surface area capacity Qe Reference
dye 251 -1
(m’g™) (mggh)
Methylene Belala et al.
Date stones blue (MB) - 9 2011
sz;’;cfjf)‘r;aWMethylene ) . Sadki et al.
Alhoceima blue (MB) 2014
Mostaganem’s Bemacid 40 104 Djafer et al.
Bentonite Red (ESR) 2014
, Bemacid
Mostagan;m SVellow (E- 110 12 Zahaf et al.
Bentonite 2015
4G)
aclt)ii/IZ'i d Bemacid 4 38 Djafer et al.
Red (E5R) 2017
sludge
Sig’s Orange 16 13 Aguedal et
diatomite  bezaktiv al. 2017
Sig’s Aguedal et
diatomite CRL-130) 21 14 al. 2019
Bemacid
Hranfa’s marl Red (E- 40 16 This study
TL)

comparable, paving the way to possible technological
applications. It must be added that the adsorption
performance of Hranfa’s marl is obviously very low
compared to that of recently developed synthetic adsorbents
like composite materals based on Metal Oxide Frameworks
(MOF) supported on fibrous substrates exhibiting
adsorption capacities of few hundred mg g! and fast
adsorption kinetics (Abdelhameed et al 2018 1&2,
Abdelhameed and Emam 2019, Emam ef al. 2019).

3.3 Hybrid process coupling adsorption and
membrane separation

To the best of our knowledge, there are very few
publications in the literature dealing with a hybrid process
directly coupling an adsorption reactor with adsorbents in

suspension and a membrane extraction of the purified liquid.

Two recent Chinese patents can first be mentioned (Wang et
al. 2019, Qiu et al. 2018). About scientific articles, only two
main ones have been identified. The first one (Reddad ef al.
2004) corresponds to a configuration the closest to that used

in our study, with the adsorption of Pb?* ions on
polysaccharides contained in a filtration loop equipped with
a tubular ceramic microfiltration membrane. The second
one (Zheng et al. 2013) concerns the extraction of treated
water by flat microfiltration or ultrafiltration polymer
membranes immersed in an adsorption reactor containing
titania nanoparticles for adsorbing viruses.

The first series of experiments conducted with our pilot
consisted of dye-free tests to follow the evolution of
turbidity, indicative of the presence of suspended solid
particles, in different parts of the filtration loop and in the
permeate. The obtained results are summarized in Fig. 6a.
The measured turbidity becomes rapidly high in the upper
part of the adsorption reactor logically leading to a gradual
increase in turbidity in the feed of the filtration module, the
finest marl particles being entrained via the overflow. On
the other hand, the turbidity remains equal to zero in the
permeate showing the perfect ability of the used membrane
to retain the marl particles inside the loop.

The second series of experiments consisted of marl-free
tests to follow the evolution of the dye concentration in the
loop and in the permeate (Fig. 6b). During these
experiments, the ratio of dye concentration in the permeate,
Cp(t), to the concentration of the dye in the loop, Ci(t), was
more or less constant and equal to ~ 0.45. Such level of
retention is very high considering that the molecular weight
of such an organic dye is no more than two thousand grams
per mole (Zaharia and Suteu 2012) which is two orders of
magnitude less than the molecular weight cut-off of the
used membrane with the 0.1 um pore-sized separative layer.
It could be due to dye adsorption at the surface and inside
the pores of the membrane which appears as fully colored
after use.

The third series of experiments were done with both dye
and marl in order to test the performance of the hybrid
process. The results shown in Fig. 6¢; have to be compared
with those obtained without clay (Fig. 6b). The main result
to be highlighted is that the concentration of dye in the
permeate, Cp(t), is less than 1 mg L' until 330 minutes after
the beginning of the experiment and then starts to rise (Fig.
6¢2). This experimental breakthrough curve is in fact rather
close to the ideal one considering that no dye will cross the
membrane as long as the adsorbent is not saturated (full and
instantaneous adsorption and no free dye in the loop before
adsorbent saturation). The simulated ideal curves calculated
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Fig. 6 Evolution of the turbidity and of the dye concentrations during experiments done using the hybrid pilot. (a) Measured
turbidity versus time in the upper part of the adsorption reactor (A), in the loop (L) and in the permeate (P) - 80 g of marl in
the adsorption reactor and pure water in the feed tank (no dye) — in flow = out flow = 25 mL min™’. (b) Measured (symbols)
and calculated (continuous lines) curves of dye concentrations in the the loop Ci(t) (L), in the permeate Cp(t) (P) - no marl
in the adsorption reactor and 80 mg L' of dye in the feed tank— in flow = 22 mL min’!, out flow = 23 mL min™! — calculated
curves drawn assuming a constant ratio Cp(t)/Cr(t) = 0.45. (c1) Measured (symbols) and calculated (continuous lines) curves
of dye concentrations in the the loop (overall concentration, i.e. free and adsorbed) Cp eq(t) (Leg), in the permeate Cp(t) (P) —
80 g of marl in the adsorption reactor and 110 mg L' of dye in the feed tank — in flow = 24 mL min’!, out flow = 25 mL
min™! — calculated curves drawn assuming a constant ratio Cp(t)/ CL(t) = 0.45. (c2) Figure derived from figure 6¢1, with only
the measured (symbols) and calculated (continuous lines) curves of dye concentrations in the permeate Cp(t) (P)

using an adsorption capacity Q. equal to 12 mg g! (defined
from Fig. 5a) are also drawn in Figs. 6¢; and 6¢,. In ideal
conditions, the time required for having free dye in loop and
thus able to cross the membrane is 364 minutes.

The overall concentration of dye in the loop taking into
account the free and adsorbed parts, Cpeq(t), has been
measured after filtration through a 4-micron filter paper and
rinsing the filtrate with the pure water added for diluting the
solutions before absorbance measurements. It can be seen in
Fig. 6¢ that the measured values of Cp(t) are lower those
calculated from in and out flows in the loop. It can be
explained by an incomplete release of the dye physisorbed
on the filtrate, leading to an underestimation of the overall
concentration of dye in the loop.

It must also be mentioned that during all the set of
experiments, the permeate flow under the selected
transmembrane pressure, i.e. 0.5 bar is remained almost the
same taking into account the uncertainty of the
measurements (from 23 to 25 mL min!). By way of
consequence no cleaning treatment was required. The
measured flow corresponds to a water permeance of 380-
420 L m? h'! bar! in full agreement with the value expected
for the used microfiltration membrane. This shows that no
significant fouling occurred, caused by the presence of the
adsorbate and/or the adsorbent in the feed. This also

indicates that the presence of the marl particles in
suspension in the loop did not induce a notable degradation
by abrasion of the top layer of the membrane.

One issue before a possible technological development
of this hybrid process is the management of the adsorbent
replacement before its full saturation. The initial approach
was to stop the stirring of adsorption tank in order to enable
a fast sedimentation of the large adsorbent particles.
However due to the brittleness of these large aggregates of
marl exhibiting a heterogeneous microstructure and to their
easy attrition in suspension giving rise to finer particles,
such a procedure is not possible. A complete emptying of
the treatment loop must be considered.

4. Conclusions

This work was focused on the use of low cost and
abundant Hranfa’s marl as adsorbent for the removal of an
industrial dye from textile wastewater and on its
implementation in a hybrid process coupling adsorption to
membrane separation.

Hranfa’s marl shows a great diversity of morphologies:
rounded particles, platelets, needles and also entities with
architectural porosity similar to frustules (silica shell) of
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diatoms and low sedimentation velocities resulting from the
easy fragmentation/attrition of larger soft aggregates
selected by sieving after crushing.

The four main crystalline phases are, in descending
order of importance, Calcite, Quartz, calcium magnesium
iron carbonate and a phyllosilicate phase identified as been
Muscovite. The adsorption capacity of the Bimacid Red E-
TL on Hranfa’s marl, in usual experimental conditions, is
equal to 16 mg g!. This adsorption capacity is comparable
to that of previously tested natural materials paving the way
to possible technological applications.

Experiments done using a hybrid pilot unit coupling
adsorption and membrane filtration validate the interest of
this approach with a breakthrough curve for the dye
concentration in the water outgoing from the treatment unit
rather close to the ideal one considering that no dye will
cross the membrane as long as the adsorbent is not saturated
(full and instantaneous adsorption and no free dye in the
loop before adsorbent saturation). The implemented pilot is
simple to use and robust. No significant fouling or abrasion
of the used ceramic membrane has been observed during all
the set of performed experiments.
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