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Abstract

Oil- and gas-produced water (PW) which contains various pollutants is an enormous threat to the environment. In this study, a
novel low-cost bio-adsorbent was prepared from shrimp shell and acid-activated montmorillonite. The results of FT-IR spec-
troscopy, energy dispersive X-ray (EDX) analysis, and SEM-EDX technique indicated that the chitosan-activated montmoril-
lonite (CTS-A-MMT) was prepared successfully. The synthesized CTS-A-MMT was applied to remove simultaneously five
cationic and anionic metal species and crude oil from synthetic and real oilfield PW. The adsorption data indicated that crude oil
and all studied metals (except As) were adsorbed to CTS-A-MMT in a monolayer model (best fitted by Langmuir model), while
As adsorption fits well with Freundlich model. Kinetic models’ evaluation demonstrated that the adsorption kinetics of metals on
CTS-A-MMT are initially controlled by the chemical reaction (film diffusion) followed by intra-particle diffusion. Application of
the prepared CTS-A-MMT in real oilfield PW indicated removal efficiency of 65 to 93% for metals and 87% for crude oil in
simultaneous removal experiments. Presence of additional ions in PW decreased the removal of studied metals and crude oil
considerably; however, the concentration of the investigated pollutants in treated PW is less than the ocean discharge criteria. It is
concluded that the prepared CTS-A-MMT composite is a low-cost and effective adsorbent for treating wastewater contaminated
with crude oil and heavy metals (i.e., PW).
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Introduction reservoir characteristics, reservoirs lifetime, characteristics of

the hydraulic fracturing process, hydrocarbon types, opera-

Oil- and gas-produced water (PW) is a byproduct of petroleum
production (Fakhru’l-Razi et al. 2009; Shpiner et al. 2009b).
Physical and chemical properties of PW can be affected by
various parameters including geological setting of the field,
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tional conditions, and the used additives (Fakhru’l-Razi et al.
2009; Olsson et al. 2013). The brine to oil-produced ratio is
2:1 for conventional oil wells, while it is 35% less for uncon-
ventional wells (Farag and Harper 2014; Phan et al. 2015).
The salinity of PW is also much higher for conventional res-
ervoirs compared with that for unconventional ones (for ex-
ample, average total-dissolved solids in PWs from conven-
tional Devonian age reservoirs in Pennsylvania and West
Virginia are reported to be 165 g/L, while it is 25.3 g/L for
Marcellus Shale) (Skalak et al. 2014). However, PWs from
unconventional reservoirs tend to exhibit high concentrations
of Sr, Ba, and Ra relative to conventional wells (Skalak et al.
2014). For instance, the range of Ba in conventional reservoir
PW is from a few mg/L to 4370 mg/L, but brine from uncon-
ventional wells ranges from 76 to 13,600 mg/L (Phan et al.
2015; Skalak et al. 2014). Similarly, the concentration of Ra in
PWs from Marcellus is 2—5 times higher than conventional
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reservoirs for a given salinity (Skalak et al. 2014). Regardless
of reservoirs type, PWs usually contain various pollutants in-
cluding oil and grease, salt, chemical additives, organic and
inorganic compounds, and natural radioactive material
(Shpiner et al. 2009a; Torres et al. 2017; Venkatesan and
Wankat 2017). Due to the relatively high concentration of
toxic pollutants in PW, its direct discharge to the environment
may pose a threat to biota and human health (Torres et al.
2017). Despite the fact that PW management presents envi-
ronmental challenges and high cost (Venkatesan and Wankat
2017), but in semi-arid regions (such as Middle East), due to
water scarcity, treatment and reuse of PW for different pur-
poses is economically justified (Shpiner et al. 2009b).
Electrocoagulation, pH adjustment, hydrocyclone,
microfiltration, centrifugation, membrane filter, and bioreme-
diation are common methods used to remove pollutants from
PW. However, problem of additives, high retention times, and
high cost may limit such applications (Arthur et al. 2005;
Shpiner et al. 2009b; Venkatesan and Wankat 2017). Among
the different treatment methods (physical, chemical, and bio-
logical), adsorption is the most promising method because of
its eco-compatibility, simplicity of operation, high efficiency,
and cost-effectiveness (Pawar et al. 2016; Zhang et al. 2016).

Chitosan (poly-3-(1,4)-2-amino-2-deoxy-glucopyranose,
CTS) is one of the most promised adsorbents due to its high
adsorption capacity, low cost, nontoxicity, abundance, biode-
gradability, and biocompatibility (Azzam et al. 2016; da Costa
et al. 2016; Dotto et al. 2016; Wang et al. 2014a). However,
some shortcomings such as poor selective adsorption, low
acid and thermal stability, low porosity, small specific surface
area, and mechanical strength restrict chitosan application
(Wang et al. 2014a; Zhang et al. 2016). As a result, many
researchers have applied different modifications to resolve
these weaknesses and enhance chitosan adsorption capacity
(Azzam et al. 2016; da Costa et al. 2016; El-Dib et al. 2016;
Negm et al. 2015).

Over the past few decades, clay minerals mostly due to
their large surface area, chemical and mechanical stability,
high cation exchange capacity, availability, nontoxicity, and
low cost are widely used in environmental applications such
as pollution control (Djuki¢ et al. 2013; Hadjltaief et al. 2018).
Montmorillonite (MMT) is a 2:1 layered aluminosilicate of
smectite-type clay mineral comprised of two tetrahedral sheets
of silica sandwiching a central octahedral sheet of Al (Iler
1979; Pawar et al. 2016). Generally, the substitution of Mg2+
for AI** makes the layers negatively charged (Hu et al. 2016).
The presence of exchangeable cations such as alkali or alka-
line earth metal cations in the interlayer space neutralizes the
negative charge (Pawar et al. 2016; Wang et al. 2014a).
Properties such as abundance, low cost, high specific surface
and porosity, eco-friendliness, and interlayer cation exchange-
ability make MMT a good candidate as an adsorbent for water
and wastewater treatment (Pawar et al. 2016; Taha et al. 2016;
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Wang et al. 2014a). Acid activation is an effective way of
enhancing the physical and chemical properties of clay min-
erals including increased porosity, specific surface, and sub-
sequently their adsorption capacity (Azzam et al. 2016; de
Queiroga et al. 2016; Pawar et al. 2016; Stawinski et al.
2016). A combination of acid-activated MMT and chitosan
was thought to improve their adsorption capability.

Various researchers focused on simultaneous removal of
pollutants by chitosan-based adsorbent during the last decades
(Chen et al. 2018; Doshi et al. 2018; Pawar et al. 2016; Vieira
et al. 2018). However, few studies have reported the simulta-
neous removal of cationic and anionic species (Luo et al.
2015; Sargin et al. 2015; Shankar et al. 2014; Song et al.
2018). Neither of these publications has studied the simulta-
neous removal of five cationic and anionic species nor crude
oil from synthetic aqueous solution and real oilfield-produced
water. Hence, the aim of the current research was to (1) pre-
pare a microsized chitosan-activated montmorillonite (CTS-
A-MMT); (2) investigate the adsorbing ability for competitive
removal of Mn (II), Ba (II), As (IIT), V (V), Cr (VI), and crude
oil from a synthetic solution under various physicochemical
parameters; and (3) determine the ability of CTS-A-MMT to
eliminate oil and selected heavy metals from PW.

Materials and methods
Materials and chemicals

Shrimp shells were purchased from a local fishmonger in
Bushehr harbor, SW Iran. The raw Na-montmorillonite pow-
der (<45 pum) with a cation exchange capacity of 86 meq/
100 g was purchased from Zaminkav Co., Iran. All chemicals
were analytical grade and supplied by Merck Co. All labora-
tory glassware was washed with 30% HNOs, rinsed with de-
ionized water, and dried in an oven. Sample bottles were
washed with tap water, rinsed with deionized water, and let
to dry.

Preparation of chitosan-activated montmorillonite
composite (CTS-A-MMT)

In the first step, chitosan with 86.92% degree of deacetylation
was prepared according to the method described by Du et al.
(2009). Accordingly, shrimp shells were washed with tap wa-
ter, dried at room temperature, and grinded. Then, 100.0 g of
shrimp shell powder (< 250 um) was immersed in 1000 mL of
7% (w/w) HCI for 24 h at 25 °C. The resultant slurry was
filtered and washed with distilled water until neutral pH was
reached. The residue was put into 1000 mL of 10% (w/w)
NaOH for 24 h at 60 °C. After filtration, the residue was
washed to neutrality in distilled water. All steps were repeated
two times. The prepared chitin was oven-dried at 50 °C
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overnight. In order to deacetylate the chitin, 10.0 g of dried
chitin was immersed in 140 mL of 70% (w/w) NaOH for 6 h at
80 °C (stirring). The slurry was filtered and washed with hot
distilled water (60 °C) to neutrality. The residue was oven-
dried at 50 °C overnight.

In the next step, acid-activated MMT was prepared by im-
mersing 10.0 g of MMT (<45 um) in 200 mL of 3 M HNOs.
The mixture was stirred at 500 rpm for 4 h at 80 °C. The
activated clay was washed with distilled water to neutrality
and left to dry with 105 °C for 24 h in an oven.

Finally, 1.0 g of the prepared chitosan was dissolved in
100 mL of 5% (v/v) acetic acid under vigorous stirring for
2 h at 60 °C. Then, 4.0 g of acid-activated MMT was added
to the prepared chitosan gel and stirred at 350 rpm for 24 h at
room temperature. The pH of the resultant slurry was neutral-
ized using NaOH and then filtered and washed with distilled
water. The obtained composite was dried in an oven at 60° for
24 h. The dried matter was grinded using mortar and pestle
and screened through a 60-mesh (250 pwm) sieve.

pH of point of zero charge (pH,..)

In order to obtain the pH of the point of zero charge (pHy,) of
CTS-A-MMT, 0.15 g aliquots of the adsorbent were put in
beakers containing 50 mL of 0.01 M NaCl solution with pH
0f 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 (Pawar et al. 2016). The pH
was adjusted previously by adding 0.1 M HCI and 0.1 M
NaOH solution. The mixture was shaken vigorously at room
temperature for 24 h, and then the pH of the solution was
measured. After drawing the final pH versus initial pH, the
point at which the final pH and initial pH are equal is the pH,,,.
(Pawar et al. 2016).

Characterization of the chitosan-activated
montmorillonite composite

A scanning electron microscope (SEM) coupled with an en-
ergy dispersive X-ray (EDX) was used to study the surface
morphology and chemical composition of CTS, MMT, A-
MMT, and the prepared CTS-A-MMT composite before and
after treatment. The functional group of CTS, MMT, A-MMT,
and prepared CTS-A-MMT composite before and after treat-
ment was identified using a Fourier transform infrared spec-
trometer (FT-IR). The FT-IR spectra of samples ranged from
400 to 4000 cm ™ at a resolution of 4 cm™'. X-ray diffraction
(XRD) analysis was performed to check CTS, MMT, A-
MMT, and the prepared CTS-A-MMT composite, using Cu
Ko radiation. The diffraction patterns were collected from 2°
to 70° 20, and the scanning rate was 2°/min. The resulting
intensities and peaks of each compound were compared with
related files published by the international center for diffrac-
tion data.

Batch adsorption studies

All tests were carried out by changing initial metal concentra-
tion, pH, contact time, adsorbent dosage, and oil concentra-
tion. The competitive adsorption experiments of Mn (II), Ba
D), As (IID), V (V), and Cr (VI) were carried out by adding
0.1 g of CTS-A-MMT into 50 mL of 10 mg/L metals solution
for 24 h at room temperature. Equilibration was achieved
using a mechanical shaker at 350 rpm. The effect of pH was
investigated at pH 0f 4.0, 5.0, 6.0, 7.0, and 8.0. The pH levels
were adjusted by adding 0.1 M HCI and 0.1 M NaOH solu-
tion. The initial concentration of metal solution ranged from 1
to 80 mg/L. The metals stock solutions (1000 mg/L) were
prepared by dissolving Mn metal strip in nitric acid, As,O3
salt in NaOH, and K,Cr,O,, NH,;VO3;, and BaCl,.2H,O salt
in double-distilled water. Different concentrations of heavy
metals were prepared by diluting stock solutions, using
double-deionized water. Contact time effects were observed
from 6 min to 24 h. Five different adsorbent doses were in-
vestigated. Moreover, the initial oil concentrations ranged
from 600 to 1800 mg/L. The final treated solution was filtered
using a 0.45 pum syringe filter and acidified. The metal con-
centration was measured using inductively coupled plasma
mass spectrometry (ICP-MS). Furthermore, the USEPA meth-
od 1664 was used for quantification of oil and grease before
and after treatment in samples that contained crude oil
(USEPA 1999). All experiments were done two times in order
to check the reliability of the adsorption process.

Three well-known isotherms (Freundlich, Langmuir, and
Temkin) were used to investigate the sorption pattern. The
nonlinear form of the isotherm models is given as:

g.=K(Co)'/s

— qu[Ce
e =11KC,
RT
Qe = o In(KrC,)
T

where, ¢, is the adsorbed amount of metals (mg/g), Krand 1/n
are Freundlich constant parameters, C, is the equilibrium con-
centration (mg/L), ¢,, is the monolayer capacity of the adsor-
bent (mg/g), K; is affinity of adsorbent to adsorbate (L/g), K7
(L/mg) correlating the maximum binding energy, R is gas
constant (8.314 J/mol K), T (K) is absolute temperature, and
b7 (J/mol) is heat of adsorption (Auta and Hameed 2013;
Pawar et al. 2016; Wang et al. 2014a).

The removal efficiency (R-%) and the adsorbed amount of
metals after equilibrium (g.-mg/g) were calculated using the
following equations (Negm et al. 2015; Wang et al. 2014b):

1%

qd. = (CO_CG) M
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Table 1 Elemental composition of chitosan (CTS), montmorillonite
(MMT), activated montmorillonite (A-MMT), and chitosan-activated
montmorillonite composite (CTS-A-MMT) in (wt%)

Elements CTS MMT A- CTS-A-
MMT MMT
C 57.74 445 3.86 14.97
(¢} 38.74 42.90 42.15 42.28
Na - 1.10 0.42 0.43
Mg 0.47 0.78 0.55 0.54
Al - 7.3 5.98 431
Si - 31.71 33.79 33.71
K - 1.16 0.55 0.54
Ca - 2.70 0.45 -
Fe - 7.88 5.65 -
R= M x 100
Co

where, Cj is initial concentration of metals in the solution (mg/
L), C, is metals concentration at equilibrium in the solution
(mg/L), Vis the volume of solution (L), and M is the mass of
used adsorbent (g).

The pseudo-first-order, pseudo-second-order, and intra-
particles diffusion kinetic models were used to determine the
best model to describe adsorption of metals on CTS-A-MMT
(Wang et al. 2014a). The nonlinear form of equations is as
follows, respectively:

q; = qe(l_eiklt)

SEMMV:200KV  WO: 1478 mm
View fleid: 37.9 pm Oet: SE

SEM HV: 2008V
View field: 152 pm

SEM HV: 2004V

wo:taTimm |y
Det: 38 20 pm View Beld: 126 pm Oet: SE

o
WO: 14.86 mm

_ kz‘]‘zet
"= 0 hagot)

q; = kif% + C,‘

where, g, and ¢, are adsorbed metals (mg/g) at equilibrium and
time (t-min), respectively. k; (min "), &, (g/mg-min), and k;
(mg/(g.mino's)) are the rate constants of the pseudo-first-order,
pseudo-second-order, and intra-particle diffusion kinetic mod-
el, respectively (Auta and Hameed 2013; Wang et al. 2014a).
C; is the thickness of the boundary layer (Futalan et al. 2011).

Results and discussions
Adsorbent composition and characterization
SEM-EDX analysis

The surface morphology and chemical composition of raw
materials and the composite were determined using SEM-
EDX. The elemental composition of CTS, MMT, A-MMT,
and CTS-A-MMT is shown in Table 1. As only C
(57.74 wt%), O (38.74 wt%), and Mg (0.47 wt%) were
detected in CTS, the cells for other element remained blank
in the table. Si and O are major elements in MMT and A-
MMT, while CTS-A-MMT is mostly composed of O, Si,
and C. Moreover, SEM images (Fig. 1) show that the irreg-
ular and flaky particles of CTS have a rough surface
(Fig. 1a). The agglomerated particles of MMT display

SEMHV: 100KV | Wo:1aeTmm || i

View feid: 126 pm Det: SE 20 pm

Fig. 1 SEM images. a Chitosan. b Montmorillonite. ¢ Activated montmorillonite. d Chitosan-activated montmorillonite before adsorption. e Chitosan-
activated montmorillonite after metal adsorption. f Chitosan-activated montmorillonite after oil adsorption

@ Springer
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Fig. 2 FT-IR spectra. a Montmorillonite (red) and activated montmoril-
lonite (black). b Chitosan (red), activated montmorillonite (black), and
chitosan-activated montmorillonite composite (blue). ¢ Chitosan-
activated montmorillonite composite before (red) and after (black) metals

different sizes (Fig. 1b). As shown in Fig. 1c, A-MMT has a
flaky and rough surface. Acid activation at high tempera-
tures increases the porosity and changes the chemical com-
position of the clay, so that a portion of exchangeable cat-
ions such as calcium, potassium, and sodium, as well as iron
and aluminum is reduced in the clay activation process
(Table 1, Fig. S1). On the other hand, the Si content was

adsorption. d Chitosan-activated montmorillonite composite before (red)
and after (black) oil adsorption. (For interpretation of the references to
color in this figure legend, please see the web version of this article)

slightly increased after acid activation (Table 1). The pos-
sible reason is the lixiviation of Mg, Al, and Fe from MMT
layers (Santos et al. 2015). Figure 1d shows CTS-A-MMT
before adsorption process. Small flakes of A-MMT on the
surface of chitosan are discernable. Similar morphological
images are also reported by other authors who synthesized
chitosan-clay composites (Auta and Hameed 2014; Saleh
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Fig. 2 (continued)
et al. 2016; Wan Ngah et al. 2013). Figure le and fillus-  FT-IR analysis

trates the CTS-A-MMT composite after heavy metals, and
oil adsorption, respectively. Clear morphological changes
were observed after metals and oil adsorption process. The
surface of CTS-A-MMT became smooth after adsorption of
pollutants. These observations confirmed that metals and
crude oil covered most of pores and active sites on the
adsorbent surface after the adsorption process. In addition,
the results of EDX analysis demonstrated that studied
metals and crude oil were successfully adsorbed on CTS-
A-MMT.
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The FT-IR spectrum of MMT before and after activation is
presented in Fig. 2a. The original clay spectrum revealed
absorption bands at 3442.88 and 1645.85 cm™ " assigned to
the stretching and bending vibration of the —OH groups,
respectively. The raw clay composition changed consider-
ably after acid treatment. Figure 2b shows the FT-IR spectra
of CTS, A-MMT, and CTS-A-MMT. The IR spectra of CTS
show an —OH and —CH stretching vibration at 3443.34 and
2883.40, respectively. Moreover, bands at around 1650 and
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Fig. 3 X-ray diffraction (XRD) patterns of a A-MMT, b MMT, ¢ CTS, and d CTS-A-MMT

1450 cm ™' represent the bending vibration of -NH and —
CH, groups, respectively. The 3400 and 1600 cm ' bands
for A-MMT are assigned to stretching and bending vibra-
tion of hydroxyl groups in molecular water present in A-
MMT. Peaks around 800 and 480 cm ' belong to Si-O in
the tetrahedral sheet. As shown in Fig. 2b, the spectra of CTS-
A-MMT occur between CTS and A-MMT spectra, reflecting
the fact that CTS-A-MMT composite had an intermediate be-
havior between activated clay and chitosan beads. Moreover,
two differences are exhibited between CTS-A-MMT composite
and its predecessor material; (1) two new peaks appear at
2351.93 and 1560.83 cm ' and (2) the position of —OH, —
NH, and —CH groups are shifted. Fig. 2, ¢ and d, illustrate the
spectra of CTS-A-MMT following metal ions and crude oil
adsorption, respectively. Shifting and vibration of functional
groups were detected on the CTS-A-MMT spectrum after

9 -
8 4
7 -
6
E
=5
41 NaCl C: 0.01 M
Time: 24 h
31 Dose: 0.15 g
2 T T T T T T "
2 3 4 5 6 7 8 9

Initial pH
Fig. 4 Initial pH against final pH for determining pHp,.

adsorption. Moreover, some post adsorption peaks were
discerned on the spectrum of adsorbent.

XRD analysis

The XRD patterns of CTS, MMT, A-MMT, and CTS-A-
MMT are presented in Fig. 3. The XRD of MMT indicated
two peaks near 20 = 7.39° and 26.66° corresponding to bas-
al spacing of 11.96 and 3.34 A, respectively (Fig. 3b). As
shown in Fig. 3a, the intensity and width of the peaks were
decreased and increased, respectively, following acid acti-
vation. Increase in the basal space indicates that the crystal-
linity of MMT is considerably affected by the acid activa-
tion. However, the inherent layered structure of MMT was
not damaged in the process. The XRD pattern of CTS ex-
hibited three peaks at around 10.29°, 13.76°, and 20.45°

100 1 Initial C:10 ppm
./_.’__.,’—v——- Time: 24 h
90 Dose: 0.1 g
80 1
S
g 70 A
2 —o—Ba
£ 60
'S
% 50 4 /_’—_‘ Mn
§ 40 / As
=}
g 30 - Cr
o v
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10 A
0

3 4 5 6 7 s
pH
Fig. 5 Effect of pH on adsorption of heavy metal ions by CTS-A-MMT
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(Fig. 3c), while CTS-A-MMT, as shown in Fig. 3d,
displayed significant changes in the intensity of the peaks.
The main peaks at 20 = 13.36° and 26.76° suggest the in-
corporation of A-MMT on the surface of CTS.

pH of point of zero charge (pH,.c)

A graph of initial pH versus final pH was plotted to determine the
pH,., (Fig. 4). Based on the results, the pH,,,c of CTS-A-MMT
is 6.02. Hence, the surface charge of the adsorbent will be pos-
itive and negative if the pH value of the solution goes lower and

higher than pH,,,, respectively. Hence, when pH of the solution
is lower than pH,,,, the adsorption of anions on CTS-A-MMT is
favored, while the surface of CTS-A-MMT favors adsorption of
cations when pH of the solution is above the pHy,..

Batch adsorption studies
pH effects

pH of a solution is generally taken as an important controlling
parameter in adsorption studies because it affects both metals

Table 2  Langmuir, Freundlich, and Temkin constants along with correlation coefficients (R?) for different metals

Langmuir Freundlich Temkin

Qm (MZ/g) K; (L/g) R 1/n Kr((mg/g) (L/mg)"") R K7 (L/mg) bT (kJ/mol) R
Ba 21.1416 0.0035 0.9984 0.5037 5.0487 0.8561 20.5323 0.7859 0.9524
Mn 9.2850 0.0691 0.9774 0.5196 1.4197 0.9469 44464 1.5446 0.9524
As 6.8027 0.2870 0.9578 0.5653 0.6427 0.9718 1.8802 2.2060 0.9215
Cr 11.0132 0.0468 0.9910 0.5333 1.6053 0.9510 4.8481 1.3665 0.9519
Y 21.5054 0.0025 0.9989 0.4531 5.9016 0.8719 39.4052 0.8629 0.9584
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Fig. 7 Percentage removal of the heavy metals at various contact time

species and the surface charge of the adsorbent (Adamczuk and
Kotodynska 2015; Akhbarizadeh et al. 2014; Chai et al. 2016;
Gogoi et al. 2016). Consequently, the surface chemistry of the
solids highly influences the adsorption capacity and adsorption
mechanisms (Assaad et al. 2007; Azzam et al. 2016; Moharami
and Jalali 2013; Nesic et al. 2012). Figure 5 shows the adsorp-
tion results of Mn (II), Ba (I), As (IIT), V (V), and Cr (VI) on
CTS-A-MMT at different pH (4-8). The results demonstrated
that the pH of the metal solution affects the removal of metals.
For instance, the removal percent of Mn was 34.1% and 57.8%
at pH 4 and 8, respectively. Moreover, the removal percent of
Mn (IT) and Ba (I) increased with increasing pH. However, the
adsorption of V, As, and Cr on CTS-A-MMT decreased with
increasing pH. Such adsorption patterns are probably the result
of a large number of binding sites on the surface functional
groups of CTS-A-MMT, which become negatively and posi-
tively charged at higher and lower pH than 6.02 (pH,,.), re-
spectively. At low pH, most of the amine groups of CTS in the
CTS-A-MMT were ionized and presented as -NH>"; hence,
electrostatic repulsion between cations and ~NH>* may prevent
the adsorption of cations onto the adsorbent (Azzam et al. 2016;
Cho et al. 2012). On the other hand, low adsorption efficiency
of anions at higher pH values can be attributed to the negative
surface charge of adsorbent as well as shifted metals speciation
(Cho et al. 2012; Saleh et al. 2016). Thus, the electrostatic
repulsion between the metals and the edge group with negative
and positive charge and chemical speciation of metal ions at
different pH restricts metal access to the surface binding sites
and finally will affect the adsorption efficiency (Cho et al. 2012;
Gogoi et al. 2016; Pawar et al. 2016; Taha et al. 2016). The
positively and negatively charged metal ions also compete with
the high concentration of H* and OH  ions in the solution
(Pawar et al. 2016; Taha et al. 2016; Wan Ngah et al. 2012).
The percentage removal of all metals remained almost constant
beyond pH 7.0.

Effects of the initial concentration

The effects of initial metals concentration were investigated
by changing the concentration from 1 to 80 mg/L at pH of 7.0
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Fig. 8 Plots of the a kinetic curves and b intra-particle diffusion curve for
adsorption of metal ions onto CTS-A-MMT

for 24 h (Fig. 6a). The results demonstrated that high removal
efficiency at low metal concentration decreases gradually with
increasing initial concentration. Considering the fact that ac-
tive sites of adsorbent are constant during the increasing of
initial concentration (Pawar et al. 2016), these results were
expected. The slope of the removal efficiency curve for Ba
and V is less than the other metals. The possible reason is the
higher adsorbent affinity for Ba and V in higher
concentrations.

Adsorption isotherms describe how metal ions interact with
an adsorbent (Wan Ngah et al. 2012; Wang et al. 2014a). The
concentration data were analyzed using adsorption isotherms
(Fig. 6b). The calculated constant and the correlation coeffi-
cient (R2) values for Langmuir, Freundlich, and Temkin iso-
therms are presented in Table 2. The R? value for all metals
(except As) in Langmuir model is higher than the other two
isotherms. This suggests that the adsorption of V, Ba, Cr, and
Mn occurred through monolayer formation and the similar
active sites were involved in the removal process. Longmuir
model did not fit very well for As, while the experimental data
of As fitted better with Freundlich isotherm. This shows that
the As adsorption on CTS-A-MMT surface was heteroge-
neous. Furthermore, the Langmuir monolayer capacity (g.)
of the studied metals displays the following decreasing trend:
V (21.50)>Ba (21.14)>Cr (11.01) > Mn (9.28) > As (6.80).
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Table 3

Values of kinetic parameters for pseudo-first-order and pseudo-second-order models

Pseudo-first-order model

Pseudo-second-order model

ki (min™") q. (mg/g) R K> (g/mg/min) q. (mg/g) R
Ba (II) 0.0065 2.0583 0.8654 0.0083 4.7483 0.9988
Mn (1) 0.0059 1.0580 0.9771 0.0200 29197 0.9997
As (1IT) 0.0050 2.0092 0.7137 0.0022 22172 0.8827
Cr (VI) 0.0050 3.3038 0.8268 0.0009 4.0064 0.9098
V(V) 0.0082 2.7471 0.9432 0.0061 4.9068 0.9980

The higher values of g, commonly demonstrate the affinity of
adsorbent to the metal ion (Pawar et al. 2016; Taha et al.
2016). Krand 1/n give information on the extent of adsorption
and the adsorption intensity, respectively (Auta and Hameed
2013). Besides pH, differences in the percentage removal of
various metals are believed to be the result of physio-chemical
properties, the initial concentration, ionic radius, and the elec-
tronegativity of metal ions, and also the ionic strength of the
solution (Akhbarizadeh et al. 2014; Pawar et al. 2016).

Effects of the contact time

Investigating the percentage removal with time provided use-
ful information regarding the rate of treatment time and the
time at which adsorption equilibrium occurs (Pawar et al.
2016). The optimal treatment time leads to reduction of capital
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Fig.9 Adsorbent dose effects on the percentage removal of metal ions (a)
and adsorption capacity of adsorbent (b)
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and operation cost (Taha et al. 2016). Figure 7 illustrates the
percentage removal of Mn (II), Ba (II), As (IIT), V (V), and Cr
(V1) at different time intervals ranging from 6 min to 24 h. The
pH of the solution was kept constant at 7.0. The results
showed that an increase in contact time (until 12 h) favors
the uptake of metals from solution. However, the adsorption
rate for the five metal ions differs. A very fast adsorption rate
was observed within the first 2 h. In addition, increasing con-
tact time was accompanied with slow increase in percentage
removal of metals and finally, equilibrium was achieved with-
in 12 h. These observations probably reflect the availability of
the adsorbent surface area, a large number of void binding
sites, and good functional groups on adsorbent at initial stages
(Bhattacharyya and Gupta 2008; Taha et al. 2016).

In order to clarify the controlling steps of mass transfer and
chemical reaction (Wang et al. 2014a), the sorption experi-
mental data were analyzed using pseudo-first-order-kinetic
and pseudo-second-order kinetic models. The plots of the /n
(g.~q,) versus ¢t (min) and #/q, versus ¢ (min) for the pseudo-
first-order-kinetic and pseudo-second-order kinetic models,
respectively, are shown in Fig. 8a. Moreover, Table 3 displays
the calculated constants (k; and k), the adsorption capacity
(¢.), and the correlation coefficients (R?). The results exhibited
a better fit to the pseudo-second-order kinetic model with R
values of 0.9988, 0.9997, 0.8827, 0.9098, and 0.9980 for Ba
(1), Mn (1), As (III), Cr (VI), and V (V), respectively. This
suggests that the chemisorption (chemical bond formation

100 1
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30 A
20 A
10 1
0
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Time: 24 h
Dose: 0.1 g

—h—As
—8—Ba
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Fig. 10 Effects of the oil presence on the removal of metal ions. The
initial concentration of Ba, Mn, As, Zn, Cr, and V was 5.8, 3.55, 0.18,
0.6, 0.1, and 0.1 mg/L respectively
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Table 4 Langmuir, Freundlich, and Temkin constants along with correlation coefficients (k) for crude oil adsorption on CTS-A-MMT

Langmuir Freundlich Temkin

G (Mg/g) K (L/g) R? 1/n K ((mg/g) (L/mg)"™") R’ K7 (L/mg) bT (kJ/mol) R’
344.8276 0.0095 0.9942 0.1525 104.29 0.9878 1.9067 0.0624 0.9681

between the adsorbent and adsorbate molecule) is the possible
rate-controlling step of the process (Doshi et al. 2018).

Since the adsorbent has porous nature, the intra-particle dif-
fusion model was also carried out in order to check the relative
significance of intra-particle (pore) diffusion and boundary lay-
er (film) diffusion for metals adsorption (Fig. 8b). The multi-
linear plot during the sorption process demonstrates three re-
gions for metals that indicate that two or more steps influenced
the adsorption process. The first linear step describes the sur-
face or film diffusion. In this stage, adsorption takes place on
surface of adsorbent until saturation of exterior surface by metal
ions. The second linear step represents the gradual inward dif-
fusion stage; hence, metal ions were adsorbed into pores of
adsorbents within the particle. The tired region, which is the
slowest stage, demonstrates the final equilibrium between the
remained metal ions in the solution and the adsorbed ions. In
this stage, the pore volume of adsorbent decreases, so the intra-
particle or pore diffusion decreased. Hence, the early stage of
adsorption process is controlled by the film diffusion and/ or
surface reactions, while pore diffusion controls the next stages.
Similar results were reported by previous studies (Doshi et al.
2018; Negm et al. 2015; Pawar et al. 2016; Taha et al. 2016).

Effects of the adsorbent dose

It is obvious that the percentage removal of heavy metals in-
creases with addition of the adsorbent dose (Taha et al. 2016).

Fig. 11 Oil adsorption versus

different adsorbent dose. Lines
are the standard values of PW

discharge to environment in 300
different parts of the world

w
3 &
o o

Oil concentration (mg/l)

N
i=
o

However, it is important to determine the optimal dosage that
maximizes the removal efficiency without increasing operation-
al cost. In this study, the effects of CTS-A-MMT were studied
by varying the adsorbent dose from 0.025 to 0.15 g/50 mL. As
shown in Fig. 9a, the percentage removal of heavy metals in-
creased fastly from 0.025 to 0.1 g/50 mL, and then started to
slow down. The reason is probably limited available vacant
sites at the lower dose. However, the adsorption capacity (g,)
decreased as the adsorbent dose increased (Fig. 9b). The possi-
ble reasons are (1) coming down the number of covered sites
per unit mass due to the saturation reduction of the adsorption
sites and (2) particles aggregation as a result of higher sorbent
amounts (Saleh et al. 2016; Taha et al. 2016).

Effects of the presence of crude oil

The percentage removal of Mn (II), Ba (I), As (IlT), V (V), Zn
(II), and Cr (VI) was also investigated in the presence of crude
oil with initial concentrations of 300 to 1800 mg/L at pH 7.
Furthermore, the initial concentration of the studied metals in
synthetic solution was approximately close to their concentra-
tion in real PW from the Persian Gulf. Accordingly, the con-
centrations of Ba, Mn, As, Zn, Cr, and V proved to be 5.8,
3.55,0.18, 0.16, 0.1, and 0.1 mg/L respectively. As depicted
in Fig. 10, increasing the initial oil concentration notably de-
creased the uptake of all metals especially Cr (VI) and As (I1I).
However, at 600 mg/L oil concentration (the concentration of

Middle East

100

Canada

USA

I_IEU

0.1 0.6 1 1.2 2
Dose (g/100ml)
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Table 5  Salinity, pH, and metals concentration of produced water sample from the Persian Gulf and worldwide ocean discharge criteria
pH Salinity V Cr Mn Zn As Ba Reference
@@L (ugh) (ugh) (ugh) (ugL) (ugl) (ng/l)

Produced water, Iran Before treatment  7.83 42.5 50 38.9 2690 527 1684 5380  This study

After treatment 7.5 30.34 12 <0.05 121250 10 24 1356
Ocean discharge criteria Iran 6.5-85 * 100 1000 1000 2000 100 5000  (Department of Environment,

I. R. Iran 2013)
USA 65-9 35 - - 200 95 69 - (Jones et al. 2000; USEPA 1993)
England 6.5-8.5 — - 50 - 300 50 - (Robinson 2013;

Shpiner et al. 2009b)

*Increase up to 10% of salinity of the discharge area is acceptable

crude oil in the real PW sample), more than 80% of Ba, Mn,
Cr, Zn, and V, and over 40% of As was removed.

The mechanism of oil removal was investigated using
Langmuir, Freundlich, and Temkin adsorption isotherms.
Table 4 demonstrates the calculated constant and correlation
coefficient (Rz) values for different isotherm. Based on the
results, the R? value in Langmuir model is higher. Hence, oil
adsorption to CTS-A-MMT seems to follow the monolayer
model.

The percentage removal of oil from synthetic solution was
investigated by varying CTS-A-MMT dose from 0.1 to 2 g.
The initial oil concentration, volume of solution, pH, and con-
tact time were 600 mg/L, 100 mL, 7, and 24 h, respectively
(Fig. 11). Clearly, the removal percentage of oil increases with
adding the adsorbent dose, and after using 2 g CTS-A-MMT
in 100 mL solution, the oil concentration decreased to 37 mg/
L, which is lower than the maximum permissible limit in
Canada (80 mg/L), Middle East (100 mg/L), Europe (40 mg/
L), and the USA (42 mg/L) (Ahmad and Baddour 2014; Jones
et al. 2000; Robinson 2013).

Treatment of produced water

Treatment of produced water (PW) is an effective option
for its handling, after which, it has the potential to
become a valuable product rather than a waste (Arthur
et al. 2005). In this study, CTS-A-MMT was applied to

i

.
.
LSRR

Fig. 12 Treatment of PW with different doses of CTS-A-MMT
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remove metal ions and crude oil from PW. For this
purpose, PW samples were collected from oil storing
tanks in Khark Island, Persian Gulf, Iran. Salinity, pH,
and metal concentration of collected PW were measured
before treatment (Table 5). Experiments were performed
using 100 mL of raw PW. The adsorbent dose was
increased from 0.2 to 1.2 g/100 mL, and the contact
time was 24 h. As expected, the removal efficiency of
pollutants increased with increasing dose of CTS-A-
MMT, and the color of the wastewater changed from
brown to colorless (Fig. 12). The concentration of heavy
metals in the wastewater was measured at each step. As
shown in Fig. 13, the presence of competing ions in
PW brine sample notably decreased the uptake of As
(I1I), Ba (II), Cr (VI), Mn (II), V (V), and Zn (II) from
solution by CTS-A-MMT. However, the removal effi-
ciency of metal ions within 24 h using 1.2 g/100 mL
of adsorbent exceeded 60% (Fig. 13 and Table 5). In
addition, metal concentration in treated wastewater be-
came much lower than the ocean discharge criteria
(Table 5).

Conclusion

In this study, a new protocol was developed to obtain a novel
low-cost bio-adsorbent from shrimp shell and naturally
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Fig. 13 Removal efficiency of the As (III), Ba (II), Cr (VI), Mn (1), V
(V), and Zn (II) in PW sample with different adsorbent doses and in the
presence of other ions and crude oil

occurring montmorillonite, activated by acid under mild syn-
thetic conditions. The results revealed that CTS-A-MMT
could be applied efficiently for simultaneous removal of crude
oil (over 87% recovery) and heavy metals (65-93% recovery
range) from PW. The obtained high removal efficiencies open
a new perspective for the application of CTS-A-MMT in the
oil industry. Economically, the final cost for PW treatment
using CTS-A-MMT is estimated to be 0.02 $/bbl, which is
much lower than the presently used methods. Moreover, high
degradability and recyclability of the synthesized adsorbent
makes it eco-friendly.
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