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Abstract

Talc-graphite schist (TGSH) is a natural organo-mineral complex that was derived from the regional metamorphism of
organic matter-bearing calcareous clays under the lowest temperature and pressure of the green schist facies (573-632 K
and 1-3 Kbars, respectively). The application of TGSH that is widely available in the Meatiq area (Eastern Desert, Egypt)
was investigated for the first time ever in the remediation of methylene blue dye (MB) from aqueous solutions. The
characterization of the TGSH was carried out using various techniques (XRF, XRD, SEM, FT-IR and BET surface area), and
its MB removal capacity was estimated at different experimental conditions. The MB adsorption by TGSH was time- and
pH-dependent process, where 120 min was sufficient enough to attain equilibrium. The MB adsorption capacity by the
TGSH was directly proportional to the applied temperature, confirming that the MB adsorption process was endother-
mic in behavior. Based on the determination coefficients, the pseudo-second-order equation (R*=0.939) explained MB
adsorption data better than the first-order one (R?=0.653). Meanwhile, intra-particle diffusion was not the sole control-
ling rate in MB removal by the TGSH. Moreover, the nonlinear regressions of Langmuir model (R*=0.876) explained the
equilibrium data better than the other applied models (Temkin, R?=0.793, and Freundlich, R?=0.752). On the other
hand, the estimated g,,,,, (maximum removal capacity) of Langmuir was 9.41 mg/g at ambient temperature. Hydrogen
bonding and electrostatic interaction were the governing mechanisms of MB removal by TGSH with variable impact in
accordance with the prevailing pH condition.

Keywords Talc-graphite schist - Methylene blue removal - Adsorption kinetics - Adsorption isotherm - Nonlinear
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1 Introduction [26, 24]. The discharge of MB-contaminated wastewater—

even with low concentration (< T mg/L)—has a malignant

Currently, the contamination of the aquatic systems with
deleterious dyes from different industrial activities contrib-
uted in acute global environmental problem. The majority
of these dye contaminants is not only nonbiodegradable
but also has carcinogenic and/or mutagenic effect on
health [57].

Methylene blue (MB) is approximately the most heav-
ily applied cationic dyes for cotton, silk and wool dyeing

impact not only upon the biological system of the aquatic
environment, but also on the human being health in direct
or inindirect way [64]. Consequently, MB remediation from
industrial wastewater prior discharging is obligatory.
Various techniques have been utilized for MB remedia-
tion such as ozonation [83], coagulation [27], biological
treatment [41], photocatalysis [34, 38] and membrane
separation [13]. Although the success of these approaches,
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adsorption technique is still the favorable one for MB
removal owing to economical and technical reasons [57].
Therefore, the utilization of natural materials such as clays
[33], diatomites [52], perlite [22], zeolite [56], coal [31] and
basaltic lava [48], has attracted the attention of researchers
as effective, eco-friendly and cost-wise adsorbents.

Talc-graphite schist (TGSH) is low- to medium-grade
metamorphic rock of greyish- to greyish-green color of
green schist facies [30]. It was derived from intercalated
passamo-pelitic sediments with biogenic materials in
the form of organo-mineral complex (calcareous clays
enriched with organic matters) via successive long-term
metamorphic processes [9]. It belongs to Abu Fannani
thrust sheet (ophiolitic mélange matrix) rock units that
exposed at Meatiq domal area, Central Eastern Desert of
Egypt [30]. Hundreds of millions of tons of the raw TGSH
are available in Meatiq area and other different localities
in the Eastern Desert (ED) of Egypt that are not adequately
employed in any industrial activity till now and still waiting
for the proper use. Therefore, the average price of TGSH is
very low and never exceeds 100 EGP/ton in comparison
with clays that exceed 600 EGP.

For the best of our knowledge, the application of the
raw TGSH as a promising, widely available and low-cost
alternative in MB removal was not evaluated before. Con-
sequently, the main aims of the current work were (a) to
investigate the ability of the Egyptian TGSH of Meatiq area
in MB adsorption from aqueous solution (b) to weight the
impact of the selected experimental parameters on MB
adsorption efficiency by TGSH (c) to define the controlling
mechanism of MB adsorption by TGSH and (d) to evalu-
ate the influence of the adsorbed MB molecules upon the
chemical, structural and morphological features of the
spent TGSH.

2 Materials and Methods
2.1 Materials

Talc-graphite schist (TGSH) gathered from the Meatiq
domal area in the ED of Egypt, methylene blue dye (MB)
delivered from Fluka, Switzerland, and used without
further processing, 97% purity NaOH (0.01 M) and HCI
(0.01 M) (Alfa Aesar) for initial pH adjustment and ultra-
pure distilled water (DW), are the raw materials that were
used in the current study.

2.2 Preparation of the raw talc-graphite schist

In total, 500 g of the grounded and sieved talc-graphite
schist sample to less than 100 um was quartered several
times before soaking in distilled water with continuous

SN Applied Sciences

A SPRINGER NATURE journal

stirring for 4 h. The decanted solid was dried over night at
343 K. After re-grounding and sieving to less than 100 um
size fraction, the produced powder was packed for appli-
cation in MB removal from aqueous solution.

2.3 Talc-graphite schist characterization

X-ray fluorescence technique (XRF analyzer/PW/2404/
Philips) was used to estimate the composition of the raw
TGSH, while XRD diffraction pattern of the raw and spent
TGSH was determined by a diffractometer (APD-3720/
Philips) with a scanning speed 5°/min, Cu Ka radiation at
20 mA and 40 kV in the range from 5° to 80° of 26. The mor-
phological characters of the pristine and the spent TGSH
were defined by SEM (JSM-6700F/JEOL/Tokyo/Japan),
while their functional groups were configured by FT-IR
spectroscopy (Bruker FTIR-2000). Elemental analysis of the
spent TGSH after MB removal was estimated by energy-
dispersive X-Ray spectroscopy (EDS) equipped with SEM
microscope.

After sample degassing in vacuum (373 K/180 min) to
eliminate pore impurities, the pore diameter (D), pore
volume (V,) and the BET surface area (Sggr) of TGSH were
estimated by “Quantachrome Surface Area Analyzer (Nova
2000)". The calculations of V, and Dp were measured by
the “Barrett-Joyner-Halenda (BJH)” equation [8], while
Sger was determined using “Brunauer-Emmett and Teller”
equation [11].

Total organic carbon (TOC) and total carbon (TC) were
determined for dried TGSH sample (at 378 K) using cali-
brated LECO SC-623 carbon analyzer device. TOC was esti-
mated by treating an aliquot of the TGSH sample with 10%
hot HCl to remove the inorganic carbon content prior to
drying (at 378 K), as well as, the instrumental analysis. The
total inorganic carbon (TIC)% in the studied TGSH was the
result of the TOC subtraction from TC estimated percent.

2.4 Adsorption experiments

To prepare a MB stock solution (1.0 g/L), 1 g of MB was
dissolved in 1000 mL of DW. This solution was diluted to
the preferred initial concentration by DW for conducting
equilibrium and kinetic studies.

For equilibrium tests, MB solution (25 mL) with various
initial concentrations (40-140 mg/L) was separately mixed
with a fixed mass of TGSH (0.3 g) and intensively agitated
(200 rpm) for 120 min.

After liquid phase separation by centrifuging, the MB
residual in solutions was estimated by a“Shimadzu UV-vis-
ible double beam spectrophotometer (Model UV 1601/
Japan)” at A,,, =665 nm. At equilibrium, the adsorbed
amount of MB (q,, mg/g) was estimated by Eq. (1) (Table 1).
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For kinetic studies, the MB solution (25 mL/100 mg/L)
was separately admixed with a fixed mass of the TGSH
(0.3 g) for different retention time (5-240 min) with vigor-
ous shaking at 200 rpm. Equations 2 and 3 (Table 1) were
applied to calculate the removal capacity of MB (R%) and
the adsorbed MB at equilibrium time t (g, mg/g) by the
TGSH, respectively.

All experiments were performed in triplicate at room
temperature (298 + 2 K) with averaging the results.

2.5 Effect of the applied parameters (pH,
concentration, adsorbent dose, agitation time
and temperature)

To estimate the influence of the applied parameters on
the removal behavior of MB by the pristine TGSH, batch
mode was selected to perform all the experiments and

the predominant experimental conditions for each of the
investigated parameters are given in Table 2. At equilib-
rium, the separated liquids were used to measure the
residual MB in the solutions.

3 Results and discussion
3.1 Characterization of talc-graphite schist

Chemically the pristine TGSH exhibited high SiO,, MgO
and CaO contents with a moderate amount of Fe,O4
(Table 3). The high loss on ignition value (LOI=16.35%)
reflected the hydrous nature of the TGSH mineral constitu-
ents, as well as its organic carbon content.

The XRD pattern of the TGSH revealed that talc-2M, acti-
nolite, graphite and calcite are the dominant crystalline

Table 1 Equations of

Equation no.
equilibrium and kinetic 9

Linear form

Parameters

experiments of MB adsorption Equation 1
by raw TGSH €

Equation 2

_ VG-

— YG-¢)

q. (mg/g): adsorbed amount of MB at equilibrium

C;: the initial MB concentration in solution (mg/L)

C¢: the concentration of the adsorbed MB at
equilibrium (mg/L)

V: the volume of MB solution (ml)

m: the mass of TGSH (mg)

g, (mg/g): adsorbed amount of MB at time t

C;: the initial MB concentration in solution (mg/L)
C;: the concentration of MB (mg/L) at time t

V: the volume of MB solution (ml)

m: the mass of TGSH (mg)

Equation 3 R%: removal efficiency of MB by TGSH
C;: the initial MB concentration in solution (mg/L)

C;: the concentration of MB (mg/L) at time t

R%=(C*2Jx1oo

Table 2 The applied experimental parameters and the prevailing condition during the conduction of their experiments

Investigated parameter Conditions The other parameters

pH 3 5 7 8 9 10 100 mg/L of MB initial conc., 0.3 g dose, 200 rpm/2 h (agitation time/speed),
25 ml solution volume, 298 K
Dose (9) 0.15 0.2 0.25 03 035 04 pH(9.0), 100 mg/L of MB initial con., 200 rpm/2 h (agitation time/speed), 25 ml

solution volume, 298 K

Agitation time (min.) 5 15 30 60 120 240 pH (9.0), 100 mg/L of MB initial con., 0.3 g dose, 200 rpm agitation speed, 25 ml
solution volume, 298 K

MB initial conc,,(mg/L) 40 60 80 100 120 140 pH (9.0),0.3 mg dose, 200 rpm/2 h (agitation time/speed), 25 ml solution
volume, 298 K

pH (9.0), 100 mg/L of MB initial con., 0.3 g dose, 200 rpm/2 h (agitation time/
speed), 25 ml solution volume

Temperature (K) 298 308 318 323 328

Table 3 Chemical composition of TGSH by XRF technique

Major component (%)/sample  SiO,  TiO, AlLO; Fe,0; MnO MgO CaO Na,0O KO P,0; SO; a LOI
TGSH 3953 0.06 0.27 4.09 0.11 2728 1181 <0.01 0.01 <001 <001 <0.01 1635
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metamorphic phases, in association with a minor crystal-
line phase of quartz (Fig. 1a). The presence of these phases
explains the high content of the above-mentioned major
oxides in the TGSH. The minor presence of the amorphous
noise in the XRD pattern of the TGSH confirms its high
degree of crystallinity and its low organic carbon content
(1.57%). The peaks of graphite reflect the presence of two
structural varieties: hexagonal and trigonal graphite. The
peak at 26.3° is related to the [002] reflection plane of the
hexagonal structure [12, 35]; meanwhile, the minor peak at
20=43.5°is ascribed to [100] reflection plane of the rhom-
bohedral phase of the graphite [60].

The main functional groups of the TGSH emerged
at the following frequencies of the FT-IR spectra: 3740,
3664, 3419, 2925, 2860, 2516, 2384, 2307, 1798, 1425,
1017, 878, 760, 671 and 459 cm™' (Fig. 1b). The stretch-
ing mode of the structural hydroxyl groups was cor-
related with the moderate intensity bands at 3740
and 3664 cm™' [58, 15], while the band at 3419 cm™
was assigned to both nitrogen-bearing (NH,) group
of the accompanying organic matters [45, 70] and to
the stretching mode of water molecules [82]. Also the
presence of the 2860 and 2925 cm™' feeble bands is
correlated with symmetric and asymmetric stretching

vibration of C-H groups, correspondingly [16, 69, 42].
These C-H groups were also ascribed to the organic con-
tent of the TGSH. The very feeble bands at 2516, 2384
and 2307 cm™' reflected the presence of CO, traces
that were trapped in the structure of the TGSH [47],
whereas the very weak band at 1798 cm™' might con-
firm the existence of carbonyl group [49]. Furthermore,
the existence of carbonate in the TGSH was confirmed
by the stretching (strong band) and bending (shoulder
band) modes of the CO32‘ group at 1425 and 878 cm™’,
respectively [62]. Some studies also correlated the pres-
ence of the 1425 and 878 cm™' bands to the C-O-H in
the carboxylic group in a stretching mode [59] and to the
Al-Fe-OH group as an indication for Mg enrichment [82].

Additionally, the bending and stretching modes of
the siloxane group (Si-O-Si) were correlated with the
very intense bands at 459 cm™' [71] and 1017 cm™' [18],
respectively. Also the occurrence of quartz in the TGSH was
reflected by the Si-O-Mg in stretching mode at 760 and
671 cm™ [68].

SEM images indicated the flaky nature of the hydrous
minerals of the pristine TGSH with occasional presence of
regularly dispersed prismatic graphite crystals upon these
flaky minerals (Fig. 2 a, b).

Fig. 1 XRD pattern of TGSH (a),
FT-IR spectra of TGSH (b) 600 T: Talc-2M
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Fig.2 SEM images with dif-
ferent magnifications for the
pristine TGSH with hydrous
minerals showing flaky nature
and regularly dispersed
prismatic graphite crystals on
their surfaces (a, b), nitrogen
adsorption-desorption iso-
therms for TGSH (c), BJH pore
size distribution is shown in
the inset
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The TC, TOC and TIC analyses of the raw TGSH revealed
that TIC content (3.27%) is noticeably exceeding the TOC
content (1.57%). Moreover, TC content is about 4.84%.
These results support the finding that the maturation of
the carbonaceous impurities in the TGSH precursor (cal-
careous clays enriched in organic matters) into graphite
was accomplished during the metamorphic processes
(573-632 K, 1-3 kbars) to which the parent rocks were
subjected.

The N, adsorption/desorption isotherm data revealed
that the investigated TGSH displayed type Il isotherm of
the IUPAC classification with H; hysteresis loop (Fig. 2c).
Such isotherm indicates the nonporous or macroporous
nature of the studied TGSH [73]. This isotherm also indi-
cated that mono-layer/multi-layer adsorption for nitro-
gen molecules occurred; the point of inflection from
mono-(0 < P/P, < 0.6) to multi-layer (P/P, > 0.6) adsorption
appeared at P/P_ about 0.6 [63]. Also the overlapping of
the two isotherm branches (adsorption/desorption) at
P/P,<0.6 reflects the poor connectivity between the semi-
closed pores of the TGSH, while the separation between
those branches at relatively higher pressure (P/P,>0.6)
indicates the presence of opened large pores in associa-
tion with the semi-closed ones [50]. Moreover, the very
poor geometrical parameters (Table 4) of the studied TGSH
(Sger=5.41 m?/g, V,=0.0071 cm?/g) could be attributed to
the close packing of the TGSH platy minerals during the
experienced metamorphic processes that caused the
emergence of these closed and semi-closed pores. Also
as shown in the BJH curve (inset in Fig. 2¢), the average
pore diameter of the TGSH was 3.31 nm (Table 2).

3.2 Effect of solution pH

The applied initial pH played a conspicuous part in the
MB removal from aqueous solution (Fig. 3a). By raising
the initial pH from 3.0 to 8.0, the MB removal capacity
(R%) increased from 83.8 to 89.9% before attaining equi-
librium at pH 9.0 (R% =93.2). Beyond pH 9.0, MB adsorp-
tion by TGSH displayed no appreciable increase in the
R% (93.4%). These results are compatible with the zero
charge point (pHp,¢) of the TGSH (pHpzc=7.4) that was
determined according to Singh et al. [67] methodology
(inset in Fig. 3a). The estimation of such pH can throw light

Table 4 Textural parameters of TGSH obtained from the nitrogen
adsorption isotherms

Sample BET surface area Total pore volume Average pore
(m?/g) (cm3/qg) diameter (nm)
Sger Vi Dy

TGSH 541 0.0071 3.31
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upon the played role of the electrostatic attraction force in
the removal of solute (MB) out of the aqueous system by
the applied adsorbent [35], where, at pH < pHp,(, the TGSH
surface became protonated gradually with increasing
medium acidity (i.e., positively charged surface) contrib-
uting in a progressive repulsive interaction between the
positive MB ions and the nitrogen- and oxygen-bearing
binding sites of the TGSH (amino, hydroxyl, carboxyl and
siloxane groups), whereas, at pH > pH,,, the surface of
the TGSH became negatively charged (i.e., de-protonated
surface) motivating the attraction of the MB*-hydrolyzed
species toward the negatively charged active sites of the
TGSH via electrostatic mechanism [2, 32, 65].

Although the overall improvement of MB removal
capacity under basic conditions (pH > pH;;c), electro-
static interaction (the nonhydrophobic adsorption driv-
ing forces) cannot be regarded as the only mechanism
for MB adsorption by TGSH and contributions from other
mechanisms (hydrogen bonding) acted as a driving force
for MB adsorption, especially at pH < pHpz [74]. Such
potential mechanism can be ascribed to the hydrophobic
nature of TGSH that was gained from the presence of talc,
graphite and organic matter constituents of TGSH [5, 791.
The involvement of hydrogen bonding mechanism was
assured by the high MB removal capacity at pH 3.0-5.0
(>82%) although the strong competition from the avail-
able H* ions in the solution. Two sorts of hydrogen bond-
ing interaction were involved in the MB removal process
by TGSH: (a) dipole—dipole H-bonding, (b) Yoshida H-bond-
ing. These interactions occurred between the available
hydrogen atoms of the functional groups on the surface
of TGSH and nitrogen atoms, as well as, the aromatic rings
of MB dye, orderly [35, 74].

The adequate adsorption behavior of TGSH for MB ions
in both acidic (>80%) and basic (>90%) mediums was
attributed to its complex nature and hence the involve-
ment of various functional groups in the adsorption pro-
cess of MB.

On the light of the overall improvement of MB removal
capacity by TGSH at basic conditions, pH 9.0 was desig-
nated for conducting the other experiments.

3.3 Effect of contact time

The MB removal by TGSH was a time-controlled pro-
cess (Fig. 3b). This behavior was assured by the rapid
MB removal at retention time ranging from 5 to 30 min
(7.3-8.3 mg/g, respectively) [40]. Such adsorption was
related to the plentiful availability of unoccupied bind-
ing sites on the TGSH surface ready for interaction with
MB ions [4], while the MB adsorption rate was deceler-
ated (g,=8.5 mg/qg) at 30>t < 120 min of equilibrium time
owing to the decline in the accessible vacant sites on TGSH



SN Applied Sciences (2020) 2:740 | https://doi.org/10.1007/542452-020-2501-1

Research Article

Fig.3 Effect of pH on MB
uptake by TGSH with its point
of zero charge as inset (a).
Effect of contact time on MB
removal by TGSH (b), effect of
initial concentration on MB
removal by TGSH (c)
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surface. Beyond 120 min of equilibrium time, insignificant
increase in the removed amount of MB by the TGSH was
recorded (g, =8.6 mg/g). Consequently, the rapid equilib-
rium nominates the TGSH as a promising adsorbent for MB
uptake and implies the chemical nature of MB adsorption.
So, 120 min was consigned as an equilibrium time of MB
adsorption by the TGSH for the subsequent experimental
parameters.

3.4 Effect of initial concentration

The increase in the sorbate initial concentration from 40 to
100 mg/L improved the MB adsorbed amount (g,) from 3.3
to 8.49 mg/g, respectively, per unit mass of the addressed
TGSH (Fig. 3c). This improvement could be ascribed to
the progressive improvement in the intensity of MB ions
collisions with the linking sites of the TGSH at high initial

concentration [21]. These collisions acted as driving forces
that promote the allocation of the MB ions to the surface
of TGSH [66, 70], whereas, the increase in MB initial con-
centration from 100 to 140 mg/L revealed a slight increase
in g, (from 8.49 to 8.91 mg/L, respectively) as an indication
of equilibrium status. This was correlated with the satura-
tion of binding active sites on the surface of TGSH with the
adsorbed MB ions [70].

3.5 Effect of talc-graphite schist mass

The MB removal (R%) by different masses of the addressed
TGSH (0.15-0.4 g) was carefully monitored (Fig. 4a, Table 2).
The increase in the TGSH mass from 0.15 to 0.35 g was
accompanied by an increase in the MB removal capacity
from 57.9 to 98.8%, respectively. However, the utilization
of 0.4 g of the TGSH was sufficient to remove all the MB

Fig. 4 Effect of absorbent mass
on MB uptake by TGSH (a),
effect of temperature on MB
removal by TGSH (b)
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ions from the solution (i.e., 100% removal capacity). This
improvement in MB removal capacity till equilibrium with
increasing the applied doses of the studied adsorbent was
related to the approachability of plentiful unoccupied
binding sites on the TGSH surface [59, 54].

3.6 Effect of temperature

The profile of MB removal by TGSH in a different range of
temperatures (298-328 K) was carefully studied (Fig. 4b,
Table 2). Raising the applied temperature from 298 to
328 K was accompanied by a progressive rise in MB
removal capacity (R%) from 93.94 to 98.2%, respectively.
This increase affirmed that the nature of MB adsorption by
TGSH was endothermic [20, 52]. Moreover, the decrease in
the solution viscosity with increasing the applied tempera-
ture probably improved the MB diffusion rate at the exte-
rior boundary layer and hence within the TGSH pores [4].

3.7 Adsorption kinetics

The nonlinear forms of the “pseudo-1st-order, PFO" and
“pseudo-2nd-order, PSO” equations were used to figure out
the kinetics of MB adsorption by TGSH adsorbent (Table 5).
The parameters of the nonlinear forms of the adopted mod-
els were determined by fitting the nonlinear curve of the

plot of g, versus C, using Microsoft Excel Solver Tool. The
estimated parameters of the applied equations are compiled
in Table 6.

The MB adsorption process by the TGSH adsorbent was
expressed well by PSO equation better than PFO (Fig. 5a),
signifying that chemisorption is the potential rate-control-
ling step of MB adsorption process [35]. This was evident
from higher determination coefficient derived from the
nonlinear regression of the former (R>=0.939) than the lat-
ter (R*=0.653) [75, 53]. Also, unlike the PFO, the very close
matching between the calculated g, that was derived from
nonlinear regression of the PSO (g%'=8.59 mg/g) and the
experimental g (8.56 mg/g), confirms that the latter equa-
tion describes the MB adsorption data well (Table 6).

3.8 Adsorption mechanism

Since the above-mentioned kinetic models (PFO and PSO)
were not able to identify the diffusion nature of the MB ions
from the solution into the surface of the TGSH, intra-particle
diffusion model [77] was applied to fulfill this mission. This
model is expressed by the following equation:

g =kt'?+C

Table 5 Adsorption kinetics

Kinetic model
models for MB removal by

Nonlinear form

Parameters References

TGSH Pseudo-first order

Pseudo-second-order

Gy = qo(1 — exp'~19)

_ sz(qe)z

g: (mg/g): removed
amount of MB at
timet

q. (mg/g): equilibrium
adsorption uptake

k, (9/mg min): rate
constant of the first-
order adsorption

Langergren and Svenska [43]

g; (mg/g): removed Blanchard et al. [10]

¢ =

1+k,qget

amount of MB at
time t

g. (mg/g): equilibrium
adsorption uptake

k, (9/mg min): rate
constant of the
second-order
adsorption

Table 6 The kinetic parameters of the MB adsorption by TGSH

Initial MB concentration (mg/L) g, ®®) (mg/g)  Kinetic models parameters
Pseudo-first-order Pseudo-second-order
K, (g/mgmin) g, < (mg/g) R K, (g/mgmin) g, “< (mg/g) R
100 8.56 0.404 8.33 0.653 0.127 8.59 0.939
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Fig. 5 Nonlinear plot of PFO
and PSO kinetic models for MB
adsorption by TGSH at 298 K
(@), Intra-particle diffusion

plot for MB removal by TGSH
at 298 K (b), nonlinear plot

of various isotherm models
for MB adsorption by TGSH at
298 K (c)
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where g, (mg/qg) is the removed amount of MB at time ¢, Kp
(mg/g min®?) is the intra-particle diffusion rate constant,
and C (mg/q) is intercept of the line which reflects the
thickness of the boundary layer.

The intra-particle diffusion equation was graphi-
cally presented by plotting of g, versus t°° (Fig. 5b). The
obtained multi-linear plot plus the 7.97 mg/g value of the
C constant confirmed that MB removal by the TGSH was
not mainly described by intra-particle diffusion, but vari-
ous diffusion sorts may be involved [3, 28, 61, 80, 81]. The
C constant value measures the degree of surface sorption
participation in the rate-controlling step of MB adsorption
[19,51]. The steep-slope part (1st stage) of the multi-linear
plot reflects the very rapid MB adsorption by the binding
sites of TGSH, where boundary layer diffusion or exterior
mass transfer effect could be the controller of MB adsorp-
tion [76, 55], whereas the gentle-slope part (2nd stage)
implies gradual adsorption of MB by the addressed TGSH
and assures that intra-particle diffusion was the principal

Table 7 Adsorption isotherm models for MB removal by TGSH

mechanism in this stage [4]. So, the linear plot of the 2nd
stage was used to determine the K (0.055 mg/g min®?)
and C and R? (0.987) parameters of the intra-particle diffu-
sion equation [17]. The plateau part of the multi-stage plot
(3rd stage) reflects the state of equilibrium with approxi-
mately constant rate of MB adsorption by the TGSH.

3.9 Adsorptionisotherms

The nonlinear forms of two-parameter modeling “Lang-
muir, Freundlich and Temkin” were applied in this work to
elucidate the nature of interaction between the studied
MB and the addressed TGSH (Table 7). The parameters of
the nonlinear regression of these models were deduced by
fitting the nonlinear curve of the plot C, versus g, using
Microsoft Excel Solver tool (Fig. 5¢, Table 8). The nonlinear
modeling is more favorable because linearization results
in diverse, estimation errors inherent bias and fit distor-
tions [39].

Isotherm model  Nonlinear form Parameters

References

Langmuir q. = ImaxbCe
e 14+bC,

C, (mg/L): equilibrium concentration of the resting MB in the solution
g.(mg/g): removed amount of MB at equilibrium

Langmuir [44]

dmax (Mg/g): maximum adsorption capacity

b (L/mg): Langmuir constant
R =1/(1+bC)
R >1 (unfavora-
ble adsorption)
R =1 (linear
adsorption)
(0<R <1 (favora-
ble adsorption)
R =0 (irreversible
adsorption

C,: initial MB concentration

R,: equilibrium parameter of Langmuir equation

C, (mg/L): equilibrium concentration of the resting MB in the solution

A (L/g): Temkin isotherm constant (the equilibrium binding constant

Weber and Chakravorti [78]

Freundlich [25]

Tempkin and Pyzhev [72]

Freundlich q. = Ke(C,'/™)
g.(mg/g): removed amount of MB at equilibrium
K: (mg/g): MB adsorption capacity
n: heterogeneity factor
Temkin G. = BInA(C,)
B=RT/b corresponding to the maximum

binding energy)

B (J/mol): Temkin constant related to heat of sorption

b: Temkin isotherm constant

R: the gas constant (8.314 J/mol K)
T: the absolute temperature at 298 K

Table 8 The isotherm parameters of the MB removal by TGSH

Initial MB concentration (mg/L) Isotherm models parameters

Langmuir Freundlich Temkin
Gmax (M@/g)  b(L/mg)  R? 1/n K: (mg/g) R, BU/mol)  A(l/g) R?
40-140 9.41 0.859 0.876 0.187 4.96 0.752 1.37 30.36 0.793
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:740 | https://doi.org/10.1007/542452-020-2501-1

On the light of the determination coefficient (R?) data of
the nonlinear regressions of the addressed models, Lang-
muir (R*=0.876) explained the equilibrium data of MB ions
adsorption by TGSH better than both Temkin (R*=0.793)
and Freundlich (R?=0.752) models. This confirms the
homogeneous nature (i.e., mono-layer adsorption) of MB
adsorption by the isoenergetic active sites of the TGSH
[17, 29, 36, 37]. The dimensionless separation factor (R|)
of Langmuir equation was estimated from the equation
given in Table 7. The R, values were ranging from 0.008 to
0.028 (favorable, 0 <R < 1) designating the applicability
of Langmuir to express the MB adsorption data well by
TGSH. Moreover, the g,,,., value was 9.41 mg/g. Although
the apparent low g,,,,, was ascribed to the reduced surface
area of the TGSH, the tempting low cost (100 EGP/t) of this
adsorbent can compensate such MB removal efficiency.
A comparison of the g, of the investigated TGSH with
those of the other adsorbents that were used for the reme-
diation of MB in previous studies is compiled in Table 9.
This comparison indicated that the raw TGSH is a promis-
ing low-cost MB adsorbent.

3.10 Characterization of the spent talc-graphite
schist

SEM, EDS, FT-IR and XRD characterization of the spent
TGSH was conducted to detect any morphological, chemi-
cal and/or structural changes occurred as a result of the
interaction of the active site (functional groups) on the
adsorbent surface with the ionized MB molecules.

SEM of the spent TGSH revealed the appearance of
evenly distributed nanosize (150-200 nm) spherical par-
ticles on the adsorbent surface in monolayer style (Fig. 6a).
The development of these particles on the surface of the
TGSH indicated the MB homogenous adsorption by the
addressed adsorbent as discussed above. EDS analysis of
the spent TGSH affirmed the presence of S (0.05%) besides
the main components of the studied adsorbent (Fig. 6b).

The FT-IR spectral pattern of the spent TGSH exhibited
positive or negative shift in the frequency of its main func-
tional groups with slight increase in the intensities of these
groups (Fig. 7a). These changes confirmed the incorpora-
tion of the TGSH linking sites in the MB adsorption [6, 46].

The XRD of the spent TGSH encountered a slight shift
in the majority of peaks position to high 26 angle side
(0.08°-0.13°), with noticeable increase in the intensity of
some peaks as a result of MB adsorption (Fig. 7b). These
structural disturbances can be ascribed to the incorpora-
tion of the MB ions into the internal structure of the TGSH
[6]. Also the degree of amorphous noise that was related
to the organic content of the TGSH was increased after
uploading of the TGSH with MB molecules.

4 Conclusion
The following conclusions could be depicted:

e TGSH is a natural organo-mineral homogenous com-
plex produced by long-term metamorphic processes

Table 9 Adsorption capacity for MB by some natural, modified and synthetic materials in comparison with the addressed TGSH of the pre-

sent study: gmax obtained from the Langmuir constant

Adsorbent Adsorption Removal % Initial Dose (g) Equilib-  References
capacity gmax Conc. rium time
(mg/qg) (mg/L) (m)

Co;0,/Si0, nanocomposite 53.87 95.7 20 0.04 30 Abdel Ghafar et al. [1]
Moroccan illitic clay 13.7 - 30 0.02 60 Amrhar et al [7]
Ephedra strobilacea char (ESC) 31.055 91.5 50 0.05 40 Agarwal et al [4]
Phosphoric acid modified Ephedra strobila-  21.88 94.5 60 0.07 30 Agarwal et al. [4]

cea char (ESP)
Zinc chloride modified Ephedra strobilacea  37.174 93 60 0.05 60 Agarwal et al. [4]

char (ESZ)
Fe;0,/activated montmorillonite nano- 106.38 99.47 120 0.5 25 Chang et al. [14]

composite
Alginate/almond peanut biocomposite 22.8 20 30 0.1 120 Erfani and Javanbakht [23]
Sour lemon 524 92.8 2 120 Esmaeili and Foroutan [24]
Eucalyptus 535 934 2 120
Sawdust of palm tree 54 95.8 2 120
Bituminous coal 1.68 96.5 50 2 360 Huang et al. [31]
Iraqi red kaolin clay 2404 99.8 100 0.1 150 Jawad and Abdulhameed [33]
TGSH 9.41 914 100 03 120 Present study
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Fig.6 SEM images for TGSH
after MB removal (a), EDX of
the TGSH after MB removal (b)

for the precursor organic matter-rich calcareous clays
at the lowest T (573-632 K) and P (1-3 Kbars) of the
green schist facies.

TGSH is macroporous material with poor geometrical
parameters (Sger=5.41 m%/g, V,=0.0071). This could
be attributed to the close packing of its mineral con-
stituents during the experienced regional metamor-
phism (i.e., high temperature and directed pressure).
As a result of the long-term metamorphic processes
to which TGSH precursor was subjected, the dense
packing of talc, organic matters and graphite parti-
cles resulted in their large van der Waals index and
high surface hydrophobicity, invoking stronger
hydrophobic influence in MB adsorption.

The MB removal by TGSH was temperature-, time- and
pH-controlled process of endothermic nature.

T T 1T T T T T T 1
0 80 160 240 320 400 480 560 640 720 801

kel

The MB adsorption data were explained well by the
PSO model (R*=0.939) better than those of the PFO
(R?=0.653).

Intra-particle diffusion with multi-linearity nature
confirmed that the boundary layer/external mass
transfer (At 0 < T< 30 min) and intra-particle diffusions
(30 < T< 120 min) were the main controlling steps in MB
adsorption by TGSH.

Langmuir model (R?=0.876) explained the MB adsorp-
tion data better than the other investigated models.
This may be attributed to the surface homogeneity that
derived into monolayer adsorption of MB ions upon the
TGSH surface.

At pH > pHp(, the electrostatic interaction was the gov-
erning mechanism of MB adsorption by TGSH through
the de-protonation of its oxygen- and nitrogen-bearing
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Fig.7 FT-IR spectra of TGSH ( )
before and after MB removal a
+
(@), XRD pattern of TGSH before TGSH+MB
and after MB removal (b)
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groups. Meanwhile, dipole-dipole and Yoshida hydro- Thanks also extended to Associate Prof./Rehab Khaleed for the fruit-
gen bonding interactions can account for the MB  ful discussion.
adsorption by TGSH, especially at pH < pHpyc. . . .

e Finally, TGSH is hazard-less natural adsorbent with Compliance with ethical standards
huge availability in Egypt that approved acceptable
workability for MB adsorption irrespective of the pre-
vailing pH conditions (with some privilege in the basic
medium over the acidic one) for a very tempting cost
(100 EGP/t).
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