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Abstract: Microbial biopolymers have been introduced as materials for soil treatment and ground
improvement purposes because of their ability to enhance soil strength enhancement and to reduce
hydraulic conductivity. Several studies in the field of environmental engineering have reported heavy
metal adsorption and removal from contaminated water using common biopolymers. In particular,
gellan gum biopolymers have drawn significant attention for use in metal ion adsorption. This study
aims to investigate the heavy metal adsorption capacity of a gellan gum biopolymer—sand mixture
when nickel-contaminated water is pumped upward through a uniform gellan gum-sand mixture
column. The main aims of this study are (1) to clarify the Ni** adsorption phenomenon of gellan
gum-treated sand, (2) to assess the Ni>* adsorbability of gellan gum-sand mixtures with different
gellan gum content, and (3) to examine the gellan gum-sand filter thickness and flow rate effects
on Ni?* adsorption. The results of this experiment demonstrate the effectiveness of gellan gum in
terms of Ni?* adsorption and water flow rate control, which are essential criteria of a filter material
for contaminated water treatment.

Keywords: gellan gum; hydraulic conductivity; water absorption; metal ion adsorption; pore-clogging

1. Introduction

Heavy metals dissolved in water can lead to bioaccumulation and might pose a
risk to human health when consumed through the food chain [1,2]. To protect soil and
groundwater from adjacent contamination sources (e.g., municipal waste landfills, and
agricultural and industrial wastewater), hydraulic barriers have been actively applied
in practice. In general, hydraulic barriers use inorganic adsorbents, organic adsorbents,
and biosorbents owing to their properties of hydraulic conductivity reduction, high shear
strength, and high contaminant removal capacities [3,4].

Recently, multiple studies have suggested biosorption as an eco-friendly approach
for aqueous contaminant removal [5-8] and ground hydraulic conductivity control [9,10].
The principal mechanism of ion adsorption involves the formation of complexes between a
metal ion and functional groups (carboxyl, carbonyl, amino, sulfonate, and phosphate),
which are present on the surface or inside the porous structure of biological materials [11].
Furthermore, the hydrophilicity of biopolymers that form hydrogen bonds with water
molecules [12] results in pore-clogging, mitigating fluid flow, and transport through porous
media [13].

In this study, nickel (Ni?*) and gellan gum (GG) were used to investigate the Ni2+
adsorption and removal capability of GG biopolymer-sand mixtures. GG is known as an
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effective material for soil strength enhancement and hydraulic conductivity reduction [9,14].
Nickel metal is an allergen [15] and a potential immunomodulatory and immunotoxic
agent for humans [16]. Furthermore, clinical studies on humans and animals exposed to
Ni?* concluded that Ni?* is carcinogenic to humans [17]. A previous study demonstrated
the effectiveness of GG for Ni?* removal compared with that of other polymeric materials
(Figure 1) [6]. However, Ni** adsorption and removal from an aqueous Ni?* solution has
not been clearly investigated. Therefore, it is crucial to study the adsorption of Ni?* ion by
GG biopolymer to assess the feasibility of using a GG-sand mixture as a filter or hydraulic
barrier material to ensure sustainable development.
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Figure 1. Nickel adsorption of different biopolymers [6].

2. Materials and Experimental Preparation
2.1. Materials
2.1.1. Sand (Jumunjin Sand)

Jumunjin sand, which is the standard sand in Korea, was used in this study. Jumunjin
sand is classified as a poorly graded sand with a particle size distribution of D5y = 0.46 mm.
It has a uniform coefficient (C,) and a coefficient of gradation (C.) of 1.39 and 0.76, respec-
tively [14] (Figure 2).

2.1.2. GG Biopolymer

Thermo-gelated GG, which is a linear polysaccharide produced by the bacterium
Pseudomonas elodea, has a repeating unit consisting of a-L-rhamnose, 3-D-glucose, and
-D-glucuronate in the molar ratio 1:2:1 [18]. GG can be used for soil strengthening and
hydraulic conductivity reduction [9,14]. A low acyl GG biopolymer supplied by Sigma
Aldrich (CAS No.71010-52-1) was used in this study.
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Figure 2. Particle size distribution of jumunjin sand.

2.1.3. GG-Treated Sand: Hydraulic Barrier Liner

The GG-soil mixtures were prepared with GG contents (to the mass of soil) of 0.5,
1.0, and 2.0%. To ensure thorough mixing, the initial water content was set at 35%. GG
was dissolved and hydrated in deionized water heated at 100 °C to obtain a uniform GG
solution. Jumunjin sand was washed, dried, and uniformly mixed with the heated GG
solution. Subsequently, the GG-sand specimens were formed in a mold with a diameter of
3.5 cm and a height of 10 cm. The samples were allowed to cool down at room temperature
(i.e., 20 °C). The GG-treated sand samples were trimmed to obtain a target height of 5 cm.
The specimens were referred to as 0 HBL, 0.5 HBL, 1.0 HBL, and 2.0 HBL, corresponding
to the GG content used to form the hydraulic barrier liner (HBL) of 0.0, 0.5, 1.0, and 2.0%,
respectively. The dry densities of the specimens are mentioned in Table 1.

Table 1. Dry density of the specimens.

GG Content [%] 0.0 0.5 1.0 2.0
Symbol 0.0 HBL 0.5 HBL 1.0 HBL 2.0 HBL
Dry density [g/em®] 1.61 1.57 1.54 1.53

2.2. Experimental Process
2.2.1. Upward Flow System

The experimental flow system consisted of three main parts: a syringe pump, an
acrylic cylinder (diameter of 3.5 cm; length of 12 cm), and a pressure data logger (Figure 3).
Jumunjin sand was compacted in the acrylic column before setting the HBL on top of the
specimen. The syringe pump pumped NiCl,.6H,O solution from a 60 mL syringe to the
soil column in the acrylic cylinder at a constant flow rate via the inlet system. The bottom
and top caps include inlet and outlet systems. The solution from the outlet was collected to
measure the change in hydraulic conductivity of the soil column and the Ni?* removability
of the soil column.
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Figure 3. Schematic of the pressurized upward flow system.

The voltage values in mV, which were monitored at the top and bottom of the soil
column by the pressure data logger, were converted to pressure (kPa), and then they were
converted to head difference (m). The drained water was collected to measure its volume
with testing time. The data of the head difference, the volume of water, and the time were
collected and used to calculate the hydraulic conductivity of the soil column.

In this study, to demonstrate the action of HBL under adverse conditions, the HBL
was fully saturated by an upward flow of NiCl,.6H,O solution. The Ni?* adsorption tests
were conducted on saturated specimens. The experimental conditions are summarized in
Table 2.

Table 2. Experimental test conditions.

Flow Rate [mL/min] Thickness of HBL [cm] GG Contents [%]
0.04
0.20 5 0 0.5 1.0 2.0

2.2.2. Adsorbate Preparation

Nickel concentration in groundwater and municipal tap water in polluted areas
was in the range of 100-2500 mg/L. Conversely, a nickel concentration greater than
1000 mg/L was found in the water boiled in electric kettles [19]. In this study, to mimic
adverse conditions due to environmental pollution, an initial concentration of 1000 mg/L
of NiCl,.6H,O [20,21] was used.

2.2.3. Adsorption Isotherm and Kinetic Study

To study the nickel adsorption mechanism of the GG-sand mixture, an equilibrium
isotherm study was conducted. Different concentrations of nickel (10-1000 mg/L) were
used to determine the equilibrium isotherm. Samples (40 mL) with designated nickel
concentrations were mixed with 5 g of GG-treated sand (0 HBL, 0.5 HBL, 1.0 HBL, and
2.0 HBL) in 50 mL Falcon tubes. The samples were mixed at 120 rpm at 25 °C for 24 h and
filtered using a 0.45 um nylon filter for further analysis.

The empirical equilibrium adsorption isotherm was modeled using the Langmuir
and Freundlich isotherm equations. The adsorption isotherm provides insight about
the interaction between the adsorbent and adsorbate. The Langmuir model is written

as follows:
_ QmakaCe
1= 15 kC’

where g, is the metal uptake per adsorbent (mg/g), §max is the maximum adsorption, ky, is
the Langmuir constant, and Ce is the equilibrium metal concentration (mg/L). Langmuir
isotherm fitting indicates a monolayer process where the k;, can be a criterion of adsorbate
affinity to the adsorbent. A high value of k;, indicates a strong interaction. Conversely,
the Langmuir isotherm can be directly related to the homogenous surface with uniform
adsorption energy.

M
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The Freundlich equation is written as follows:
ge = krC}/™, @)

where kr is the Freundlich constant and n is the empirical constant. Freundlich isotherm
empirically considers a multi-layer coverage on rough surfaces. The model fitting of the
experimental data was checked with the correlation coefficient R?.

To understand the kinetic uptake of nickel adsorption with time, GG-treated sands
with 25 mg/L, 50 mg/L, and 100 mg/L nickel solutions were tested and taken according
to the desired time. The experimental conditions were the same as those mentioned above.

2.2.4. Adsorption Isotherm and Kinetic Study
Hydraulic Conductivity Analysis

The hydraulic conductivity is calculated using Darcy’s law:

V-L

= At ®

where V is the volume of water collected, L is the height of HBL, A is the area of the soil
specimen, } is the head difference, and ¢ is the time required to obtain V.

L is the height of HBL because the presence in HBL is the main factor governing the
reduction in hydraulic conductivity.

Nickel Analysis

The concentration of nickel ions in the solution was measured using inductively cou-
pled plasma-optical emission spectrometry (Agilent ICP-OES 5110, SCLA, USA), calibrated
by the standard metal solution. The amount of nickel uptake (mg/g) was calculated using
the following equation:

(c,» —C f) v
fe= "Hooow @
where C; and Cy are the nickel ion concentration at the initial and final stages, respectively
(mg/L), W is the amount of adsorbent (g), and V is the volume of solution (mL). The
removal efficiency (R, %) via nickel adsorption is calculated as follows:
Ci—Cy

R = =100 (5)

Surface Morphology

Scanning electron microscopy (SEM-SU5000, Hitachi, Japan) was performed on GG-
treated sand samples after Ni>* adsorption. The morphologies of the samples were ob-
served using energy-dispersive X-ray spectroscopy (EDS) for element characterization.
SEM-EDS was performed on ten points per sample to minimize deviations. In addition, the
samples were coated with platinum before analysis to enhance the electrical conductivity
of the surface.

3. Results and Analysis
3.1. Isotherm and Kinetics of Heavy Metal Adsorption Mechanism

Figure 4 shows the adsorption of nickel solution on each GG-treated sand specimen.
The results show that GG and sand had the ability to adsorb nickel. All three conditions
(sand, 0.5 HBL, and 1.0 HBL) show a logarithmic trend in the equilibrium state. The
equilibrium uptake of nickel adsorbate increased with an increase in the GG content.
Figure 4b,c show the Langmuir and Freundlich isotherm models, respectively. All three
data were fitted better with the Langmuir isotherm model compared with that of the
Freundlich isotherm model, with an R? value of 0.9881 to 0.9983 for the Langmuir model



Appl. Sci. 2021, 11, 7884 60f15

(Figure 4b) and 0.782 to 0.9197 for the Freundlich model (Figure 4c). The parameters of the
Langmuir model and the Freundlich model are summarized in Table 3.
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Figure 4. Adsorption isotherm at various initial nickel concentrations (10-1000 mg/L) on gellan
gum-treated sand (a), the Langmuir adsorption isotherm (b), and the Freundlich adsorption isotherm
of nickel on sample (c).
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Table 3. Parameters of the Langmuir model and the Freundlich model.

Parameters 0 HBL 0.5 HBL 1.0 HBL 2.0 HBL
Langmuir isotherm
Gmax 0.19 0.29 0.40 0.60
kr. 0.20 0.21 0.30 0.30
R? 0.9881 0.9983 0.9866 0.9967
Freundlich isotherm
kr 0.03 0.05 0.06 0.09
N 2.37 2.39 2.14 2.20
R? 0.9197 0.9188 0.782 0.8925

The adsorption of Ni** on GG and sand indicated monolayer coverage of the adsorbate
on the surface of the adsorbent, which is coherent with that of other studies on heavy metal
adsorption by biopolymers [21-23]. The Langmuir model is the best fitting model for the
data set. The slope of Figure 4b was converted into gy for a better understanding of the
adsorption model. The gy started from 0.19 mg/g for 0 HBL (pure sand) to 0.29 mg/g
for 0.5 HBL, 0.40 mg/g for 1.0 HBL, and 0.60 mg/g for 2.0 HBL (Table 3). The results
demonstrated that GG had a higher adsorbability compared with that of pure sand. The
Gmax increased with an increase in GG, which indicated that GG in HBL can improve
the nickel adsorption ability of the entire HBL and can be the main adsorbent of the
HBL system.

Kinetic study on Ni** adsorption by GG = 1% HBL with time shows an instantaneous
increase in g, and then steady-state after a specific time (Figure 5) [21,24]. The adsorption
can be illustrated by two stages. In the first stage, there is rapid removal (regardless of the
nickel concentration) within the first 1 min, and equilibrium is reached in the later stage in
approximately 40 min. The rapid removal during the initial stage might be attributed to
ample sites for adsorption on the surface of GG.
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W 100 mg/L
2.0 A _____..___.l ————————— o [ ]
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Figure 5. Kinetics of Ni?* binding to the gellan gum (GG = 1.0% HBL) at different initial nickel ion
concentrations of 25 mg/L, 50 mg/L, and 100 mg/L.

As shown in Figure 6, the SEM EDS spectra show peaks of GG in its pure state
and nickel-adsorbed state. The EDS data show a reduction in the potassium peak and
appearance of the nickel peak. This can be considered a cation exchange mechanism of GG
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with Ni?* ion, similar to that of other adsorbents [21]. The Ni?* replacement for potassium
in GG indicated that GG is a potassium-type GG [25,26]. Furthermore, the functional groups
in GG (carbonyl, methylol, and methyl) were also responsible for chemical interaction with
nickel ions [25]. Meanwhile, the sand can adsorb Ni?* via the inner-sphere interaction,
where Ni?* can interact with silanol groups at the sand surfaces [27,28].
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Figure 6. SEM-EDX spectra of (a) pure gellan gum and (b) nickel adsorbed gellan gum.

3.2. Isotherm and Kinetics of Ni** Adsorption Mechanism Control

The change in hydraulic conductivity with gellan gum content is shown in Figure 7.
The hydraulic values of 0 HBL specimens were approximately 10~> m/s regardless of
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the magnitude of flow rate running through the specimens. Since HBLs were installed
into the soil column, the initial hydraulic conductivity became lower than that of the
hydraulic conductivity of the soil column without HBL. This was observed owing to the
water absorption of GG. Furthermore, the hydraulic conductivity decreased with time
due to the pore-clogging effect of GG [9] as GG interacted with water. The hydraulic
conductivity decreased to 5.46 x 107°,3.73 x 107%,and 6.02 x 107 m/s for 0.5, 1, and 2%
GG, respectively, at a flow rate of 0.2 mL/min. Regarding the flow rate of 0.04 mL/min, the
initial hydraulic conductivity (i.e., 1.32 X 1072 m/s) decreased to 2.28 x 107°,8.27 x 1077,
and 4.19 x 10~7 m/s for 0.5, 1, and 2% GG, respectively.

1.0x 103 l
©0.2 mL/min
W 0.04 mL/min
v
E£1.0x 10
o
S
°
3 ~e
21.0x10° ~
3
: Lo
$1.0x10° [ RS ES
z -4
1.0x 107
0.0 0.5 1.0 1.5 20 2.5

Gellan gum content [%)]
Figure 7. Change in the hydraulic conductivity of soil at flow rates of 0.04 mL/min and 0.2 mL/min.

The presence of meniscus water and free water in the sand column [29] caused
the hydraulic behavior. The free water could be easily pushed out under the pressure-
induced movement of the nickel-contaminated water, which formed water paths within
the sand column. The formation of water paths also depended on the flow rate. The
formation of water pathways was fast, with an increase in the flow rate. Therefore, the
hydraulic conductivity values were 1.96 x 107> m/s and 1.31 x 10~° m/s for flow rates of
0.2 mL/min and 0.04 mL/min, respectively.

As the HBL was installed, the water absorption of GG formed the hydrogel matrix in
the pore space of HBL and caused the pore-clogging effect [9], which was essential to control
the movement of the injected flow (nickel-contaminated water) in HBL. Furthermore, the
flow rate affected the interaction between water molecules and GG hydrogel. A low
injected flow rate (0.04 mL/min) could promote the pore-clogging effect earlier than a
high injected flow rate (0.2 mL/min). With the occurrence of pore-clogging, the interaction
between nickel and adsorbents increased.

3.3. Nickel Adsorption Behavior of Soil Column

In the cases of the 0 HBL, 0.5 HBL, and 1.0 HBL specimens, the Ni** adsorption
behavior followed a similar trend to that when the Ni?* solution was continuously supplied
to the specimen. Initially, nickel ions were quickly adsorbed owing to the large amount of
free exchangeable ions of absorbents. Subsequently, the adsorption reached equilibrium as
the free sites for Ni?* became less available due to the constant adsorption.
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In general, the pure sand column had the lowest total amount of cumulative nickel
adsorbed. GG in HBL improved the amount of Ni?* removed from the Ni?*-contaminated
solution. A significant amount of nickel ion can be adsorbed with an increase in the GG
content due to the increase in the functional groups and potassium cation exchange in the
specimens provided by GG. The nickel adsorption trends (Figures 8 and 9) showed the
potential maximal Ni?* adsorption ability of specimens with different GG-treated sand at
different flow rates. Total nickel adsorption varied proportionally with GG content.
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Figure 8. Effect of flow rate on removal efficiency of nickel adsorption.
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Figure 9. Potential maximal nickel adsorbability of specimens.

The flow rate was essential in controlling the contact time between Ni?* and the adsor-
bent materials, which was crucial to determine the amount of nickel adsorbed. Therefore,
there was a gap in the total amount of adsorbed Ni?* obtained from the low and high flow
rates. For instance, under a low flow rate (i.e., 0.04 mL/min), the 0 HBL specimen could
adsorb 40 mg of Ni?** ion as 200 mL of the Ni** solution flowed through the specimen
(Figures 8a and 9). Conversely, 29.98 mg of Ni** was removed from the 200 mL nickel
solution supplied at a high flow rate (0.2 mL/min) (Figures 8b and 9). This phenomenon
also occurred in GG-treated sand. The 2.0 HBL adsorbed 86.89 mg and 133.98 mg nickel as
600 mL of the Ni%* solution was provided at flow rates of 0.2 mL/min and 0.04 mL/min,
respectively (Figures 8 and 9).

4. Discussion

This study shows an improvement in Ni?* adsorption using GG-treated sand. The
difference in the amount of adsorbed Ni%* from the flows of 0.04 mL/min and 0.2 mL/min
was determined by the GG content. To validate the practical applicability of GG-treated
sand for heavy metal removal, the Ni?* adsorption capacity of 1 m® GG-treated sand with
different GG contents at the flow of 0.04 mL/min has been evaluated as shown in Figure 10.

The effect of hydraulic reduction with GG content decreases nonlinearly and levels off
ata GG content of 1.0% [9]. However, if GG-treated sand is suggested for Ni?* treatment, 2%
gellan gum can significantly increase Ni?* removal (Figure 9). To form 1 m3 of the 2% GG~
sand mixture, 26.5 kg GG should be dissolved in 463 L of heated water before mixing it with
1.3 tons of sand. If the GG-sand mixture is used to treat a 1 g/L Ni** contaminated flow
of 0.04 mL/min, 1906 kg of nickel can be trapped by GG. The experiment was conducted
within a given time. Therefore, 2% GG could not reach equilibrium. The amount of
adsorbed Ni?* by 1 m® GG-treated sand was calculated based on the experimental data.
Therefore, the adsorbed Ni?* becomes higher in a field application.
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Figure 10. Potential nickel adsorption by 1 m3 gellan gum-treated sand.

Recently, bentonite has been widely used owing to its high number of specific surfaces
for hydraulic barriers, effective restriction of the migration of solutes, and significantly
high adsorption of heavy metals [30,31]. However, bentonite causes side effects in humans
(e.g., inhibiting hemolytic activity) and animals (e.g., damage to the lung epithelial cells of
mice) [32-34]. A mixture including 10% bentonite and 90% sand is the most economical
solution that satisfies the minimum requirement of hydraulic conductivity [35]. A mixture
of bentonite-sand with a ratio of 1:9 (S9B1) was used as a 1 cm liner installed in the sand
column. We observed that after 180 h subjected to the Ni?*-contaminated solution at a flow
rate of 0.04 mL/min, the removal efficiencies of 10BS, 2.0 HBL, 1.0 HBL, and 0.5 HBL were
60%, 53%, 36%, and 35%, respectively (Figure 11). The closest removal efficiency to that of
10BS was 2% GG. Therefore, high GG can be used as an alternative material for bentonite.
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Figure 11. Comparison of the removal efficiency of pure sand, gellan gum-treated sand, and bentonite-
treated sand.
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The high cost of GG utilization for soil treatment compared with that of conventional
hydraulic barrier materials such as bentonite is a severe concern for geotechnical engineers.
For instance, 100 g of GG costs 217 USD [36], whereas 1 ton of bentonite costs approximately
75 USD [37]. However, owing to widespread usage in the food and cosmetic industries,
the global GG market is expected to reach USD 62.96 million by 2023 from a market size
of USD 50.257 million in 2017. Therefore, the use of GG for geotechnical application in
general and for hydraulic barrier purposes is becoming increasingly feasible.

This study aimed to remove a concerning heavy metal with two valence electrons,
nickel (Ni?*), using GG-treated sand. One of the biggest advantages of the newly suggested
GG-sand material is that it can be easily implemented in the field via direct mixing (e.g.,
GG-soil column mixing using an auger) or ground injection (e.g., GG solution grouting into
porous ground). Implemented in situ, GG-treated sand layers (or barriers) are expected to
enhance the ground strength in terms of shear strength and bearing capacity [14] in addition
to reducing the ground water flow [9] and adsorbing hazardous Ni** from contaminated
ground water. However, in order to bring GG-treated sand into practice, further study
needs to be considered for other types of heavy metals and actual wastewater that contains
different kinds of chemical pollutants.

5. Conclusions

To investigate the applicability of bio-soil treatment on Ni** removal, a series of Ni%*
adsorption tests were conducted on GG-treated jumunjin sand using a pressurized upward
flow system. Additionally, adsorption isotherm and kinetic studies were performed to
determine the possible mechanisms for Ni?* adsorption. The main findings of this study
are as follows:

e GG can improve the Ni?* adsorption of sand by 150% or greater with the usage of 1%
GG content or higher. The Langmuir model is the best fitting model for adsorption
data of GG and sand. The potassium content within the GG mainly works on the
cation exchange mechanism along with functional groups to interact with Ni?*.

e GG enhances the Ni?* removal efficiency of the sand column, controlled by GG content,
and the flow rate via the interactions of water-GG, Ni2*-GG, and Ni%*—sand.

e The water absorption of GG causes the pore-clogging effect within the GG-sand
system and, in turn, improves the Ni?* removal efficiency. The pore-clogging effect
was observed earlier in the process with an increase in the GG concentration.

e In general, GG shows a good performance for Ni** adsorption and pore-clogging
effect, which controls the movement of flow rate and the amount of Ni%* ion in the
flow. Therefore, GG poses a promising alternative for hydraulic barriers.
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