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Abstract—We investigated the efficiency of in-situ formed magnesium hydroxide (Mg(OH),) for the removal of
sodium lignosulfonate (SLSN) from aqueous solution. Adsorption experiments considered the effects of various condi-
tions such as pH, MgCl, concentration, contact time, and temperature on SLSN removal efficiency. It was found that
approximately 93%-99% SLSN was removed by in-situ formed Mg(OH),. The adsorption was rapid, and the contact
time required to reach complete adsorption equilibrium was less than 2 min. Moreover, that the Mg(OH), lost about
0.5-3.0% adsorption capacity for SLSN when NOj, HCO;, H,PO; and SO;  anions were simultaneously present with
SLSN. The experimental data suggested that there was little competitive adsorption of SLSN with other coexisting
anions on Mg(OH),. The co-precipitation/adsorption process was exothermic and physical, involving weak interac-
tions such as electrostatic attraction, hydrogen bonding, adhesive forces, and van der Waals forces between SLSN mole-

cules and the binding sites on Mg(OH),.
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INTRODUCTION

Surfactants are surface/interface active substances designed for
lowering the surface/interface tension [1,2]. They commonly con-
tain oxygen, sulfur, and nitrogen atoms in their headgroups and
thus headgroups are well solvated in water, while non-polar hy-
drocarbon tails of surfactants are not easily dissolved in water [2].
In this case, surfactant molecules are amphipathic. Surfactants are
mainly divided into four groups: anionic, non-ionic, zwitterionic,
and cationic surfactants [1-4]. Among these, anionic surfactants
are one of the most extensively applied surfactants [1-4]. Surfac-
tants are widely used in households and industries including oil
recovery, mining, pesticide formulations, dye printing, paints, de-
tergents, personal care products, and pulp and paper industries [1-
4]. With the increasing demand for energy around the world and
diminishing amount of conventional oil, it is very important to
explore new techniques for enhanced oil recovery (EOR) [2]. With
the development of tertiary oil recovery, more and more EOR
processes have been carried out to increase oil recovery and stabi-
lize oil production. In EOR processes, higher oil recovery is achieved
by using chemicals such as alkalis, surfactants, and polymers. Alka-
lis are intended to in-situ generate surfactants by reacting with
acidic components in the crude oil and reduce interfacial tension
(IFT) between oil and aqueous phases [5]. Surfactants are designed
for lowering the IFT, changing the wettability, and promoting resid-
ual oil mobility to overcome the capillary forces [5-8]. Therefore,
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surfactants play an important role in EOR processes. Anionic sur-
factants such as petroleum sulfonate and lignosulphonate have
been widely employed for common surfactant flooding or alkali/
surfactant/polymer (ASP) flooding due to their low-cost, availabil-
ity, and solubility in water [9]. During crude oil and natural gas
production processes, large quantities of liquid waste are being
generated by the surfactant flooding or ASP flooding. Such liquid
waste is called produced water. Even though most of the floating
pollutants are separated from produced water, residual anionic
surfactants and their degradation products cannot be removed
effectively by oil-water separation techniques and remain in the
produced water due to their high solubility in water, leading to the
formation of stable oil-in-water (O/W) emulsions, which is a chal-
lenge for the petroleum industry [10]. Because surfactant mole-
cules have surface/interface activity, they can rapidly adsorb at the
oil-water interface or the surface of oil droplets and form elastic
interface film, which protects the oil droplets against coalescence
[11]. In this case, the produced water becomes very stable. In par-
ticular, the separation of residual oil from produced water is more
difficult. Therefore, rapid and effective removal of anionic surfac-
tants from aqueous solution becomes a necessity for the success-
ful application of surfactant flooding or ASP flooding techniques.
Sodium lignosulfonate (SLSN) is an important anionic surfac-
tant and dispersant with extensive sources and lower cost that has
been widely used in EOR processes, pulp and paper industries. To
our knowledge, SLSN as a class of anionic surfactant, has not been
extensively studies [4,12-16]. A few studies have focused on the
adsorption of SLSN on the oppositely charged solid particles. A
full understanding of the adsorption behavior of the surfactant
molecules at the solid-liquid interface can help to remove SLSN
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from aqueous solution.

Mg(OH), has attracted increasing attention due to its wide ap-
plications, including antacids, adsorbents [17], fertilizer additives
[17], filler materials [18], precursors for magnesium oxide [19],
flame retardants [20], and smoke suppressants [21]. Mg(OH), has
a layered crystal structure; such layered metal hydroxides have
attractive features, for example, a larger specific surface area and a
higher positive charge density of the layers, which contributes to a
higher reactivity [22]. Several methods have been used to prepare
Mg(OH), with controlled shape and size [19,23-25]. Some studies
have reported the synthesis of nano-sized Mg(OH), by hydrother-
mal [26], sol-gel [27], and solvothermal [28]. However, these meth-
ods require complicated operating conditions or longer synthesis time,
which makes them not practical for industrial production [29].

We used the in-situ wet precipitation method to prepare Mg(OH),
particles because it is simple, low cost and suitable for industrial
processing. MgCl, and SLSN solutions were initially present in the
reactor at a controlled temperature, and the Mg(OH), particles were
obtained by the addition of alkali into the reactor. The in-situ formed
Mg(OH), particles were used as effective adsorbents to remove
SLSN from aqueous solution. We used SLSN as model anionic
surfactant to investigate the interactions between SLSN molecules
and oppositely charged Mg(OH), particles. The effects of adsorp-
tion parameters such as solution pH, MgCl, concentration, contact
time, and temperature on the adsorption efficiency were investi-
gated. The related reaction mechanism was also discussed.

MATERIALS AND METHODS

1. Materials

Analytical reagent (AR) grade magnesium chloride hexahydrate
(MgCl,-6H,0) and sodium hydroxide (NaOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Sodium lignosulfonate (SLSN, >98%) was purchased from TCL
Development Co., Ltd. (Shanghai, China) and used without fur-
ther purification. All other reagents were of analytical grade.
2. Preparation of Mg(OH), Particles

Mg(OH), particles were synthesized with the following proce-
dures: 20 mL of 2.0 g/ NaOH solution was dropped into 20 mL
of 2.0 g/L MgCl, solution. Temperature (25 °C) and pH (10.5+0.1)

were kept constant with stirring during the addition of NaOH
solution to the mixed aqueous solution.
3. Characterization

The morphology and structure of the in-situ formed Mg(OH),
with and without SLSN were characterized by an AIS-2100 scan-
ning electron microscope (SEM, MIRERO-SERON, Republic of
Korea) and a JEM-2100 high-resolution transmission electron micro-
scope (HRTEM, JEOL Ltd., Japan). The crystal structure of sam-
ples was characterized by a D/Max-1B power diffraction (XRD,
Rigaku, Japan) using Cu-Ka radiation source in the 26 range of
2°-70° with a scanning rate of 2°/min. The chemical bonds and
surface functional groups of the samples were recorded on a Per-
kin-Elmer Fourier transform infrared spectrometer (FT-IR, Per-
kin-Elmer, USA) by the KBr pellet technique, and scanned from
400-4,000 cm".

The zeta potentials of Mg(OH), and SLSN in the NaCl solution
(10~ M) were measured using a ZetaPALS (Brookhaven, New York,
USA) with an average value of three separate measurements. Various
dissolved organic components in the supernatant were analyzed
for total organic carbon (TOC) by a TOC-Vcpn analyzer (Shimadzu
Corporation, Japan). The concentration of oil in the wastewater was
analyzed with an infrared spectrometer oil content analyzer (Oil460,
Beijing, China) and CCl, was used to extract oil from wastewater.

4. Adsorption Experiments

An SLSN stock solution was prepared by dissolving 5,000 mg
SLSN in 1L deionized water. Batch adsorption experiments were
carried out to test the adsorption of SLSN on the Mg(OH), parti-
cles. 2.0 g/L of the MgCl, was mixed with 20 mL of varying SLSN
concentration (50-1,000 mg/L) solutions in a set of 150-mL glass
Erlenmeyer flasks. The adsorption of SLSN on the in-situ formed
Mg(OH), particles was tested at different pH values (9.5-12.5) for
probing the dependence of SLSN adsorption on solution pH. The
pH was adjusted to the desired values with 0.1 M HCl or 0.1 M
NaOH using a pH meter (PB-10, Sartorius, Germany). The mix-
tures were shaken with a thermostatic shaker (SHZ-82, Jintan,
China) at 150 rpm and at different temperatures (298, 318, and
333 K) and centrifuged at 6,000 rpm for 10 min with a centrifuge
(LG10-24A, Jingli, China). The supernatant was analyzed on a
UV-visible spectrophotometer (1601, Shimadzu, Japan) at maxi-
mum adsorption wavelength of 280 nm for SLSN.

Fig. 1. SEM images of (a) Mg(OH),, and (b) in-situ formed Mg(OH), with SLSN.
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Fig. 2. HRTEM images of (a) Mg(OH), and (b) Mg(OH),-SLSN complexes.

RESULTS AND DISCUSSION

1. Characterization
1-1. SEM

SEM was used to examine the morphology and structure of
Mg(OH), and after the adsorption of SLSN. SEM images of the
in-situ formed Mg(OH), with and without SLSN are shown in Fig,
1. From the SEM image (Fig. 1(a)), it can be seen that Mg(OH),
was composed of smooth, crystalline, and irregularly laminated
platelets. Compared to the Mg(OH),, the Mg(OH),-SLSN com-
plexes (Fig. 1(b)) showed a more massive and aggregated mor-
phology. This is attributed to surfactant molecules diffusing from
the bulk phase to the solid-liquid interface and being adsorbed on
the surface of particles. Polar headgroups of surfactant molecules
formed chemical bonds with the hydroxyl groups of the Mg(OH),
particles, and thus the morphology of the Mg(OH),-SLSN com-
plexes might be changed.
1-2. HRTEM

The morphology and structure of the Mg(OH), with and with-
out SLSN were further studied with HRTEM. According to the
HRTEM observation (Fig. 2(a)), the Mg(OH), crystals appeared to
display lamellar-like morphology with diameters of 20-50 nm, and
it was confirmed that the freshly formed Mg(OH), particles were
nanosized. SLSN molecules are dissolved in water and interact with
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Fig. 3. XRD patterns of (a) Mg(OH),, and (b) Mg(OH), with SLSN.

Mg™, OH', and MgOH" species, leading to adsorption of SLSN
molecules on MgOH'/Mg(OH), particles surfaces, and packing into
host Mg(OH), crystals. Mg(OH), tended to form Mg(OH),-SLSN
complexes and then aggregated into large lamellar-like structure
through oriented attachment (Fig. 2(b)).
1-3. XRD

The XRD pattern of Mg(OH), shown in Fig. 3(a) indicated that
the Mg(OH), had a layered structure with lattice constants a=
3.147 A and ¢=4.772 A, which are compatible with the reported
data (JCPDS card no. 82-2453). Upon adsorption of SLSN on the
Mg(OH), particles, the basal spacing of in-situ formed Mg(OH),
with SLSN slightly decreased from 4.85 A to 4.83 A (Fig. 3(b)). Fur-
thermore, the density of diffraction peaks became slightly weaker.
After adsorption of the surfactant molecules, strong electrostatic
attraction and hydrogen bonding between Mg(OH), particles and
the adsorbed SLSN layer, leading to a slight decrease of the basal
spacing.
1-4. FT-IR

FT-IR analysis is an effective method for characterization of
Mg(OH), and SLSN, and can be used to obtain information about
the functional groups and their bonds [30]. The FT-IR spectrum
of Mg(OH), is given in Fig. 4(a). The strong peak at 3,698 cm™" is
assigned to the free hydroxyl group in Mg(OH), [31]. A broad and
moderate band at 3,459 cm™" is attributed to stretching vibration
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Fig. 4. FT-IR spectra of (a) Mg(OH),, (b) SLSN, and (c) Mg(OH),
with SLSN.
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of the OH [31,32]. The band at 1,637 cm™" is related to H-O-H
bending vibrations of water molecules adsorbed on Mg(OH), par-
ticles [4]. The adsorption band at 1,433 cm™' shows the presence
of carbonate due to a contamination of CO, [4].

The FT-IR spectrum of SLSN is given in Fig. 4(b). The band at
3,437 cm is assigned to the hydroxyl stretching vibration of SLSN.
The bands at 2,925 and 2,849 cm™ are characteristics of -CH, asym-
metric and symmetric stretching vibrations in the alkyl chains of
SLSN [4]. The peak at 1,594 cm™" for SLSN is assigned to the bond-
ing mode of C=0 group. The characteristic peaks were observed
at 1,136 and 1,044 cm ™" corresponding to the stretching vibration
and out-of-plane bending vibration of the S=O and -SO3 " groups
of the surfactant molecules, respectively.

The FT-IR spectrum of Mg(OH), after adsorption of SLSN is
shown in Fig. 4(c). The peak at 3,698 cm™" shifted to 3,699 cm™,
and the band at 3459 cm™" shifted to 3,441 cm™', which character-
ized the effects of the free hydroxyl group and O-H stretching vibra-
tion. This indicates the formation of hydrogen bonding between
surfactant headgroups and Mg(OH), particles. The H-O-H bend-
ing vibrations of water molecules shifted from 1,637 cm™" of origi-
nal Mg(OH), to 1,646 cm " in the Mg(OH),-SLSN spectrum, while
the adsorption band shifted from 1,433 cm™ of original Mg(OH),
to 1,430 cm™" of Mg(OH),-SLSN. It is noticeable that a chemical
shift of S=O and -SO; groups from 1,136 and 1,044 cm™" of origi-
nal SLSN to 1,138 and 1,045cm ™" of Mg(OH),-SLSN occurred,
which is possibly attributed to hydrogen bonding [32]. The peak
of C=0 in SLSN at 1,594 cm ™" disappeared in the Mg(OH),-SLSN
spectrum, suggesting that surfactant molecules interacted with
Mg(OH), particles through electrostatic attraction and hydrogen
bonding. Surfactant molecules directly packed into host Mg(OH),
crystals, and this may result in the disappearance of the peak.

1-5. Zeta Potential Measurements

The changes in zeta potential of Mg(OH), particles as a function
of pH are shown in Fig. 5, which shows that zeta potential reversal
was observed for Mg(OH),. The isoelectric point (IEP) of Mg(OH),
particles is about 11.8. For Mg(OH),, the potential-determining ions
are the Mg™" and OH ions. The surface charge of Mg(OH), particles
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Fig. 5. Zeta potential of (a) Mg(OH),, and (b) SLSN as a function of
pH at 25°C.
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depends on the composition of their surface layer: [M** (OH),]" ",
where z represents the valence of the cation, and n represents the
number of the anion [33,34]. At low pH, where z>n, a positive
charged surface results because the ratio of Mg’* ions to OH ™ ions
in the surface layer exceeds 1:2. At high pH, where z<n, a nega-
tive surface charge results [34]. At pHz, where z=n, the Mg(OH),
particles have a zero net charge.

The pH-dependence on zeta potential of SLSN is presented in
Fig. 5. The surface charge increased with an increase in pH values
and remained a negative zeta potential within the whole pH range.
According to Hunter [35], an increase in ionic strength causes a
rise in the Debye-Hiickel parameter, k, resulting in a more rapid
reduction of the potential with distance. This behavior is referred
to as “‘compression of double layer” and may be responsible for the
absolute value of zeta potential to be reduced.

2. Surfactant Adsorption Studies
2-1. Effect of pH

The pH value of the reaction solution is an important parame-
ter that controls surface charge density and dissolution/precipita-
tion of Mg(OH),. In this study, the pH ranged from 9.5 to 12.5.
The concentration of SLSN was 200 mg/L. The effect of pH on the
removal efficiency of SLSN on Mg(OH), particles is shown in Fig,
6. The removal efficiency of SLSN on the Mg(OH), increased
with pH until the pH reached 10.5, and then the removal effi-
ciency of SLSN decreased with further increase of pH.

Note that different pH values led to different species distribu-
tion for MgCl, (Visual MINTEQ ver. 3.0) [36]. For the Mg(OH),-
H,O system, the dominant species at the solid-liquid interface are
Mg™", MgOH", and Mg(OH),, as illustrated by the speciation dia-
gram presented in Fig. 7. The concentration of Mg™* remained
almost constant at pH<9.48, but abruptly decreased at pH>9.48.
When the pH value was between 9.48 and 11.3, Mg™", MgOH",
and Mg(OH), simultaneously existed in the reaction system. This
behavior can be attributed to the hydroxylation of Mg™* ions and
the protonation of Mg(OH), surface sites, leading to formation of
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Fig. 6. Effect of pH on the removal efficiency of SLSN on Mg(OH),
(Experimental conditions: MgCl, concentration=0.5-4.0 g/L,
initial SLSN concentration=200 mg/L, contact time=2 min at
298 K).
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Fig. 7. Species distribution diagram for 2.0 g/ MgCl, in the pH range
from 8.0 to 13.5.

MgOH" species, which achieved a maximum concentration at pH
9.48. At pH above 11.5, the predominant species was Mg(OH),.

In-situ formed Mg(OH), particles under alkaline conditions may
be explained by the following chemical reaction:

2+ OH
H

OH"
H

Mg Ma(OH)"

Mg(OH), 1)

At pH 105, the predominant species are Mg, MgOH", and
Mg(OH), species. A considerable increase in positive charge takes
place for Mg®* and MgOH" species. In this case, the zeta potential
of MgOH/Mg(OH), particles can become more positive than that
of Mg(OH), particles. Therefore, electrostatic attraction between
MgOH'/Mg(OH), particles and surfactant molecules increased.
At pH values below the IEP, the adsorption mechanism should be
primarily electrostatic attraction. In contrast, at pH values above
the IEB electrostatic repulsion between Mg(OH), particles and sur-
factant molecules resulted in a significant decrease in removal effi-
ciency. As maximum removal efficiency of SLSN on Mg(OH), was
obtained at pH 10.5, we chose pH 10.5 in subsequent adsorption
experiments.
2-2. Effect of MgCl, Concentration

The adsorption of the SLSN on the in-situ formed Mg(OH),
particles was strongly affected by the initial MgCl, concentrations.
Adsorption experiments were conducted to further investigate the
relationship between the adsorption behavior of SLSN and the for-
mation process of Mg(OH),. The initial SLSN concentrations were
50-500 mg/L. The MgCl, concentrations ranged from 0.2 to 5.0 g/
L at pH 10.5. The adsorption efficiency of SLSN rapidly increased
with increasing MgCl, concentration and then gradually reached a
plateau (Fig. 8). This might be associated with crystal growth mecha-
nism of Mg(OH),. The crystal growth mechanism of Mg(OH),
might mainly involve three stages: nucleation, growth, and self-
assembly [37]. The first stage is nucleation: MgCl, was ionized and
present in the form of Mg™* and CI” ions. When alkali was added
to solution, OH ions and H,0 molecules co-existed in the system,
and the H,0O molecules competed with OH" ions to form Mg-O-H
bonds [37]. The association of Mg”* and OH ions forms MgOH"
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Fig. 8. Effect of MgCl, concentration and initial SLSN concentra-
tion on the removal efficiency (Experimental conditions: ini-
tial SLSN concentration=50-500 mg/L, pH=10.5, contact
time=2 min at 298 K).

species. When the concentration of MgOH" species becomes high
enough, they aggregate into nuclei. With an increase in MgCl, con-
centration, more Mg™" ions are involved in the nucleation process.
The second stage is the growth of nanosheets: the OH groups of
nuclei might interact with SLSN' molecules and agglomerate to-
gether by hydrogen bonds and chemical bonds. At the same time,
both particle-particle cohesive forces, and SLSN-particle surface adhe-
sive forces are contributed to obtain nanosheets [37]. The adsorp-
tion amount of SLSN might rapidly increase during possible growth
process. The third stage is self-assembly process: all self-assembly
processes could be driven by principle of energy minimization
[4,37]. Electrostatic attraction, hydrogen bonding, cohesive and
adhesive forces were enough to hold the nanosheets and form
Mg(OH), crystalline structures [37]. SLSN molecules were adsorbed
on the Mg(OH), surfaces and packed into host Mg(OH), crys-
tals. As other particles close to the SLSN molecules, they also
interacted with the SLSN molecules, the alkyl chain of SLSN acted
as “bridge” to link neighboring particles. It is possible that SLSN
molecules and Mg(OH), particles can form a three-dimensional
network by orienting adhesive forces, van der Waals forces, elec-
trostatic attraction, and hydrogen bonding [38]. The presence of
SLSN molecules in the solution may enhance the nucleation and
growth of Mg(OH), particles. The co-precipitation/adsorption pro-
cess occurs during the growth of complex Mg(OH), crystals. The
MgCl, concentration plays an important role in the growth rate of
nuclei and the amount of Mg(OH), formed.
2-3. Effect of Contact Time and Initial SLSN Concentration

The adsorption capacity of SLSN on in-situ formed Mg(OH),
particles at different initial SLSN concentrations with contact time
is shown in Fig. 9. The adsorbed amount of SLSN increased with
an increase in contact time and reached complete equilibrium
within 2 min. This is a rapid process compared with other adsorp-
tions [39-41].

Because of the presence of water between particles may result in
a hydrate shell. Interparticle cohesion may result in capillary forces,

Korean J. Chem. Eng.(Vol. 33, No. 12)
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Fig. 9. Effect of contact time and initial SLSN concentration on the
removal efficiency (Experimental conditions: initial SLSN
concentration=50-500 mg/L, pH=10.5, MgCl, concentration=
2.0 g/L at 298 K).

Hydrate Particle

Hydrate Particle
Liquid

Fig. 10. A schema for the adsorption of SLSN molecules on hydrate
particles and interparticle interaction with a capillary liq-

uid bridge cohesion between two hydrate particles, in which

AR is the plane of symmetry. Adapted from Cheng et al.
[4] and Aman et al. [42].

which are mainly focused on the condensation of water vapor from
the humid atmosphere. When hydrate particles contacted time was
longer than 30, a “capillary liquid bridge” on the hydrate particle
surfaces was created (Fig. 10) [42-44]. Sulfonic acid groups on the
surfactant chains may easily interact with the capillary liquid bridge.
Moreover, free surfactant molecules diffused from the bulk phase
to the solid-liquid interface, and then adsorbed on the MgOH'/
Mg(OH), particle surfaces. There are adhesive forces between sur-
factant molecules and hydrate MgOH'/Mg(OH), particle surfaces.
The adhesive forces are highest when surfactant is hydrophilic [4].
Surfactant molecules can easily adhere to the MgOH'/Mg(OH),
particle surfaces via adhesive forces. The capillary liquid bridge
linked surfactant molecules and hydrate MgOH'/Mg(OH), parti-
cles to form three-dimensional network via electrostatic attrac-
tion, hydrogen bonding, van der Waals forces, and adhesive forces.
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These forces contributed to the adsorption of SLSN on the MgOH'/
Mg(OH), particles, and thus time required to reach equilibrium
could be much shorter.

The SLSN removal efficiency depends on the concentration of
the SLSN (Fig. 9). The percentage of removal efficiency decreased
with an increase in initial SLSN concentration. However, the adsorbed
actual amount of SLSN on per unit mass of adsorbent increased
with increasing SLSN concentration. Moreover, the initial SLSN
concentration did not significantly affect the equilibrium time.

3. Adsorption Isotherms

The adsorption equilibrium is important in describing the ad-
sorption behavior. The parameters derived from the representa-
tive models provide important data to understand the adsorption
mechanism [45]. The experimental equilibrium data of SLSN on
the in-situ formed Mg(OH), particles were fitted by using Lang-
muir [46] and Freundlich [47] isotherm models at a fixed tempera-
ture and constant pH. These isotherm models give a description
of the adsorption equilibrium between the surface active sites of
the adsorbent and an adsorbate in solution.

3-1. Langmuir Isotherm

This model supposes that adsorption occurs at homogeneous
sites on the adsorbent surfaces, and when a surface site is occupied
by an adsorbate, further adsorption cannot occur at this site [46].
The Langmuir isotherm equation can be expressed by the follow-
ing relationship:

_ KLqmaxCe

- 1+K,C, @

qf

where q, (mg/g) is the equilibrium adsorption amount of SLSN
on the Mg(OH), particles, g, (mg/g) is the maximum monolayer
adsorption capacity of the adsorbent, K; is the Langmuir equilib-
rium parameter, which is related to the adsorption energy and
corresponds to the binding affinity between the adsorbent surface
sites and adsorbates, and C, (mg/L) is the equilibrium concentra-
tion of SLSN in solution.
3-2. Freundlich Isotherm

The Freundlich isotherm model is an empirical equation imply-
ing that the adsorption process occurs on a heterogeneous surface
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Fig. 11. Adsorption isotherms of the SLSN on the Mg(OH), parti-

cles at pH 10.5.
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Table 1. Langmuir and Freundlich parameters for adsorption of SLSN on the Mg(OH), particles

Langmuir isotherm

Freundlich isotherm

T (K) 3 2 2
Qunax (/) K; %10 (L/mg) R K n R
298 2638.76 1.33 0.9769 12.15 1.39 0.9907
318 1936.95 1.25 0.9788 10.75 1.47 0.9946
333 1436.15 1.21 0.9831 9.63 1.55 0.9971

[47]. The Freundlich isotherm can be given by the following equa-
tion:

9=K:C." ®

where K;; (L/mg) and n are the Freundlich parameters, which
refer to the distribution of active sites and adsorption effectiveness,
respectively.

Fig. 11 shows the adsorption isotherms of SLSN on the in-situ
formed Mg(OH), particles at 298 K, 318 K, and 333 K, which reveals
the relationship between the specific equilibrium amount of SLSN
on the Mg(OH), particle surfaces and the equilibrium concentra-
tion of SLSN in solution. The values of the isotherm parameters
are listed in Table 1. The parameters resulted from the experimen-
tal data suggested that Freundlich isotherm model fitted the
experimental data better than that of Langmuir isotherm model.
This meant that adsorption process took place on a heterogeneous
surface by a multilayer adsorption mechanism [48,49]. Moreover,
the values for n were higher than unity at different temperatures,
indicating that the adsorption binding strength was weak and con-
trolled by weak interactions such as electrostatic attraction, hydro-
gen bonding, van der Waals forces and adhesive forces [49].

4. Thermodynamic Parameters

Thermodynamic analysis is important for better understanding
the energy of the whole adsorption process, because energy change
is the driving force of adsorption process [50-52]. To investigate
whether the adsorption would take place spontaneously, changes
in standard free energy (AG’), standard enthalpy (AH’), and stan-
dard entropy (AS°) were determined by the following equations:

AG’=—RTInK, )
AG =AH-TAS’ )

where K,=q./C,, is the equilibrium constant, q, (mg/g) and C,
(mg/L) are the equilibrium adsorption capacity of SLSN on the
Mg(OH), particles and equilibrium concentration of SLSN in solu-
tion, respectively; R is a gas constant (8.314 J/mol-K), and T is the
temperature (K) [47,52].

The relationship between the k,; and temperature is given by the
van't Hoff equation [53]:

_AS’ AH’
" R RT

InK, ©)

where AH’ and AS’ can be determined from the slope and inter-
cept of plotting InK}; versus 1/T, respectively. The thermodynamic
parameters for the adsorption of SLSN on the Mg(OH), particles
at different temperatures are given in Table 2. The standard free
energy of the process at all temperatures is negative, suggesting the

Table 2. Thermodynamics parameters for adsorption of SLSN on

the Mg(OH), particles
T (K) AG’ (KJ/mol) AH’ (K]J/mol) AS’ (J/mol-K)
298 -3.11
318 —-2.24 —-17.31 —47.56
333 —-1.43

spontaneous nature of the adsorption process [47,48]. The nega-
tive values of AG’ decreased as the temperature increased from
298 K to 333 K, indicating that the lower temperature contributes
to adsorption. The negative value of AH’ (—17.31 KJ/mol) at the
investigated temperatures indicates that the adsorption process in-
volves physical interactions, such as electrostatic attraction, hydro-
gen bonding, van der Waals forces, and adhesive forces. It is possi-
ble that binding between the SLSN molecules and the Mg(OH),
particle surfaces was weak, and the adsorption process was ener-
getically favorable [54-56]. The negative value of entropy change
reflects a decrease in the degree of freedom for the adsorbed SLSN
molecules at the solid-liquid interface during the adsorption pro-
cess [56].

The interactions between the in-situ formed Mg(OH), particles
and the SLSN molecules are controlled by a complex mechanism.
It is likely that adsorption occurs by (a) electrostatic attraction be-
tween the MOH'/Mg(OH), particles and the oppositely charged
SLSN molecules; (b) hydrogen bonding between adsorbed surfac-
tant molecules and hydroxyl groups on the Mg(OH), particle sur-
faces; (c) adhesive forces between SLSN molecules and Mg(OH),
particle surfaces, and (d) van der Waals forces.

5. Effect of Coexisting Anions

Wastewater generally contains common anions such as NOj,
HCO;, H,PO;, and SOZ™ [40]. These anions can also adsorb on
the MgOH'/Mg(OH), particle surfaces mainly through electro-
static attraction, hydrogen bonding, van der Waals forces, and
adhesive forces [57]. They may interfere with SLSN adsorption by
Mg(OH),. Assuming that there will be no removal of these anions
during primary treatment, the intervention of coexisting anions
on SLSN adsorption was evaluated by considering the original
concentrations, e.g., 10-50 mmol/L of NO;, HCO;, H,PO;, and
SO; ™ ions used as model competing anions. The results are shown
in Fig. 12. Results show that there was no significant change in
SLSN adsorption on Mg(OH), after adding competing anions of
NO;, HCO;, and H,PO;, while SO} produced a slight change in
SLSN adsorption on Mg(OH), after adding competing anions.
This is attributed to the faster diffusion rate of SO;™ ions than sur-
factant molecules. This result may indicate that SO~ quickly ad-
sorbed on the Mg(OH), surface and occupied adsorption sites,
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Fig. 12. Effect of coexisting anions on removal efficiency of SLSN
on Mg(OH), (Experimental conditions: initial SLSN concen-
tration=200 mg/L, MgCl, concentration=2.0g/L, pH=10.5
at 298 K).

thus preventing adsorption of SLSN molecules at the solid-liquid
interface. There is a strong potential for electrostatic attraction be-
tween the SO} ions and the Mg(OH), particles in an alkaline solu-
tion [57,58]. As a result, a slight decrease in the adsorption capac-
ity of SLSN on Mg(OH), was observed. The experiment demon-
strated that in-situ formed Mg(OH), is not generally affected by
the presence of other anions [59]. The in-situ formed Mg(OH),
has high adsorption selectivity towards SLSN, therefore suggesting
its potential application as an adsorbent for SLSN removal from
wastewater.
6. Real Wastewater Treatment

Real wastewater was collected from Shengli oilfield ASP flood-
ing produced water. The produced water contained emulsified
crude oil, water-soluble polymer (HPAM), surfactant (SLSN), sus-
pended solids, etc. The compositions of the industrial wastewater
are illustrated in Table 3, where the average values of each parame-
ter are presented. TOC was determined by a TOC analyzer. The oil
concentration in water was measured with an infrared spectrome-
ter oil content analyzer. The suspended solids were determined ac-
cording to standard procedures [60]. The percentages of the removal
efficiency for TOC, oil concentration, and suspended solids are also
shown in Table 3. When the MgCl, concentration increased up to
4.0g/L at pH 10.5, the in-situ formed Mg(OH), had a satistying
TOC and oil removal ability due to hydrogen bonds and chemical
bonds formation between polar molecules and the OH groups on

Table 3. The main characteristic parameters of real wastewater and
the percentage of removal efficiency for each parameter

Before After  Percentage of
Parameter
treatment treatment removal (%)
pH 7.8 8.6 —
TOC (mg/L) 418 27.17 93.5
Oil concentration (mg/L) 553 3.87 99.3
Suspended solids (mg/L) 157 0.60 99.6

December, 2016

the Mg(OH), surfaces. TOC and oil removal efficiencies reached
93.5% and 99.3%, respectively, and residual oil was less than 1%.
The MgCl, concentration used in treatment of real wastewater was
slightly higher than that in laboratory experiments. It was possible
that the presence of oil droplets and water-soluble polymer increased
aqueous phase viscosity and facilitated O/W emulsion stabilization.

CONCLUSIONS

Mg(OH), particles were prepared by a simple direct aqueous
phase precipitation method at a controlled temperature. The IEP
of the Mg(OH), particles was around 11.8. The experimental data
suggested that approximately 93-99% SLSN was removed by in-
situ formed Mg(OH),. The maximum adsorption efficiencies of
in-situ formed Mg(OH), particles for SLSN were reached within
2min. The adsorption efficiency increased with increasing pH
until pH 10.5, and then the adsorption efficiency of SLSN decreased.
The experimental equilibrium data can be well fitted by the Fre-
undlich isotherm. The adsorption process is exothermic, and thus
a lower temperature is favorable. When NO;, HCOj3, H,PO;, and
SO;™ ions were simultaneously present with SLSN, little competi-
tive adsorption occurred between the other coexisting anions and
SLSN molecules for adsorption active sites on Mg(OH),. The in-
situ formed Mg(OH), suggested its potential application as an ef-
fective adsorbent for the removal of SLSN from aqueous solution.
The co-precipitation/adsorption process involves a complex mech-
anism that is a combination of electrostatic attraction, hydrogen
bonding, adhesive forces, and van der Waals forces.
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