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ABSTRACT. Mercury even at a trace level poses a significant threat to the environment and the ecosystem.
Thus, prompting the need to develop a technology to separate mercury(Il) selectively from aqueous solutions. The
removal of mercury(Il) from aqueous solutions using tri n-butyl phosphate (TBP) based supported liquid
membrane (SLM) was investigated in this study. HCl and NaOH were used as feed and strip phases, respectively.
Factors considered for designing the experiments using the Taguchi method include feed phase acid concentration,
strip phase alkali concentration, carrier concentration and initial feed phase mercury(II) concentration. The results
indicated that carrier concentration was the most influential factor on the removal efficiency. The percentage
contribution of each factor was calculated. The results show that carrier concentration and initial feed phase
mercury(II) concentration have a maximum contribution. For the maximum removal of 91.7% of mercury(Il)
(initial concentration - 10 mg/L) in the feed phase, the optimum conditions were 0.3 M of HCI, 0.2 M of NaOH,
and 90% of TBP. SEM analysis was performed to evidence the transportation process through the membrane. The
research study indicated the potential use of TBP as a carrier in the SLM system for the selective separation of
mercury in trace concentration.
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INTRODUCTION

The classical method of design for experimentation of process parameters is time-consuming as
it propagates the study through a large set of runs, and also the interaction between the
parameters is not considered leading to less reliability [1]. Statistical techniques benefit the user
by facilitating a special design that involves less time and energy [2] and is useful by
considering the interaction between the parameters. Statistical design of experiments aims to
describe the variation under conditions that are hypothesized to reflect the dissimilarity. The
“Design of experiments” approach allows one to design a protocol based on the factors that
influence a response [3].

The two most extensively used statistical methods are Taguchi design and response surface
methodology. Response surface methodology is profusely employed to study the response
influenced by several input parameters, to optimize the response [2], and to quantify the
relationship between them. Consequently, it finds its usefulness in modeling and analyzing
engineering problems [4].

Taguchi’s unique experimental design is used for the improvement of a process or quality of
a product by combining orthogonal arrays and computation models [5]. The benefit is that it
postulates a mean performance characteristic value close to the target [4]. Thereby helps to
determine a reliable set of optimal parameters that are not affected by the environmental
conditions and noise [1]. It requires fewer experiments within a period to identify the optimum
values of the parameters [5] and thus involves low cost compared to other methods [1]. It is
useful to identify the cause of problems in a manufacturing process [5], design and improve
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product quality [1]. However, the use of the Taguchi method to investigate and improve SLM
studies for the removal of heavy metals is not much reported. Recently, the application of
statistical methods for designing the experiments in SLM studies has been attempted for the
removal of phenol from wastewater [6, 7].

Heavy metal contamination in aquatic sources is a global issue, which is to be resolved by
mankind. Among the various heavy metals, mercury is considered unique as it can easily
transform into soil and atmosphere. Though the most common source of mercury is from natural
disasters, anthropogenic activities also play a vital role in the contamination of mercury. Acute
exposure to mercury causes serious damage to nerves, brain, lungs, and kidneys [8]. Due to the
toxic nature of mercury, the environmental protection agency has set the water quality standard
of less than 1 ugL™" for drinking water whereas, for wastewater discharge, it is about 5 pgL™". It
is to be noted that conventional water treatment methods are ineffective for trace level
concentration of metal ions [9].

SLM, potential technology for the separation and concentration of metal ions in
hydrometallurgy, waste recycling process, and wastewater treatment. Most of the research is
laboratory-scale studies aiming to establish the feasibility of the membrane setup [10]. Few
pilot-scale studies have been reported in wastewater treatment using SLM [11, 12]. Removal of
phenol from coal gasification wastewater was tested by Sun et al. [11] using a polypropylene
hollow-fiber membrane. They demonstrated the stability of the membrane for 16 days with a
removal efficiency of about 75% [11]. A promising pilot-scale study of copper recovery from
spent ammoniacal etching solutions using hollow-fiber SLM has also been reported [12].

SLM is an effective membrane process for the removal of mercury(Il) in trace
concentration. This assertion could be attributed to its feature of selective separation that could
be achieved in a single stage [13]. SLM consists of a hydrophobic microporous polymeric
support soaked in an organic carrier that separates the two aqueous phases while allowing for
diffusion through the membrane. Low capital cost, low energy requirements, less carrier
consumption, and high fluxes are the major advantages of SLM over other configurations of the
liquid membrane [14, 15]. Moreover, SLM generates relatively less amount of wastage in the
membrane, in addition to the benefit of offering extraction and re-extraction of carriers in a
single step. Thus, being the most promising technology that allows using expensive carriers that
is easy to scale-up [16].

Many researchers have studied SLM-based processes for the separation of mercury(Il) from
various aqueous phases. Use of amine-based carriers such as trioctylamine [14, 17], tetrathia-12-
crown-4 [18], Aliquat 336 [19] and Cyanex 471 [20] has been reported. Effective transport and
removal of mercury(Il) were achieved in the studies mentioned above using amine-based
carriers, but all these are reportedly hazardous chemicals [21].

In this context, TBP has evolved as a carrier owing to its high extraction capacity, less
solubility, high flash point, and low cost [6, 22]. TBP as a cationic carrier has been successively
employed for the extraction of various heavy metals as anionic halo compounds [23, 24].
Extraction studies for mercury ions in acidic solution using TBP in benzene have been
demonstrated [25]. They revealed that TBP acquires a positive charge in acidic conditions, and
it forms a neutral complex with anionic mercury chloride. Recently, an online flow-injection
spectrophotometric method coupled with SLM enrichment was developed for the analysis of
trace levels of mercury(Il) in wastewater. The study revealed the interaction in acidic solutions
between the cationic TBP and anionic mercury ions by the formation of a neutral complex [26].
To date, there are no reported works available for removing mercury(Il) using TBP as a carrier
in SLM.

In the present work, the removal of mercury(Il) using TBP as a carrier by SLM has been
investigated. The objective was to determine the effect of factors using the Taguchi method. The
factors include feed phase acid (HCI) concentration, strip phase alkali (NaOH) concentration,
carrier concentration, and initial feed phase mercury(Il) concentration on the removal of
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mercury(Il) using SLM. Furthermore, the contribution of each factor on removal efficiency and
interaction between them has also been investigated.

EXPERIMENTAL
Reagents and chemicals

TBP and stannous chloride were procured from Sisco Laboratory, India. Mercury chloride
(HgCl), n-hexane, polyvinyl alcohol, and hydrochloric acid (HCl) were obtained from Merck,
India. Sodium hydroxide (NaOH) and rhodamine B were obtained from Central Drug House,
India. Polytetrafluoroethylene (PTFE) membrane was obtained from Sartorius Bio Lab
Products, Germany. Aqueous solutions were prepared using double distilled water that did not
contain any traces of heavy metals.

Taguchi experimental design

Four factors were selected from the trial-and-error experiments, to design experiments for the
proposed SLM study. Each factor was studied at three levels. They were feed phase acid (HCI)
concentration (0.3, 0.5 and 0.7 M), strip phase alkali (NaOH) concentration (0.2, 0.4 and 0.6 M),
carrier (TBP) concentration (85, 90 and 95%), and initial feed phase mercury(II) concentration
(1, 10 and 20 mgL™). Statistical designs of experiments followed by data analysis were
accomplished by Minitab 17" software.

A statistical design of experiments using the factors and their levels mentioned above was
employed by Taguchi design methodology. An Ly orthogonal array was designed comprising of
nine runs with four factors and three levels. The complete design of the experiments is presented
in Table 1.

Table 1. Experiments designed using Taguchi method.

Run Feed phase Strip phase Carrier concentration | Feed phase mercury(1l)
concentration concentration (mgL™) concentration
(mgL") (mgL™") (mgL™)
1 0.3 0.2 85 1
2 0.3 0.4 90 10
3 0.3 0.6 95 20
4 0.5 0.2 90 20
5 0.5 0.4 95 1
6 0.5 0.6 85 10
7 0.7 0.2 95 10
8 0.7 0.4 85 20
9 0.7 0.6 90 1
Preparation of SLM

PTFE was reported to have better performance concerning other polymeric supports, namely,
polyvinylidene difluoride, nylon 66, and polyethylene for the selective separation of mercury(II)
in trace levels of concentration [14]. A microporous PTFE polymeric support having a diameter
of 47 mm manufactured by SARTORIUS, Germany, was used for the preparation of SLM. The
effective contact area of SLM was 13.2 cm’. The membrane having a pore size of 0.45 pm, the
thickness of 58 pum, and the porosity of 75% was immersed in the carrier solution containing
TBP in hexane as a diluent (viscosity - 3.46 mPa.s). Polymeric support was immersed for 8 h in
the carrier solution to get homogeneous SLM. The pores of the support were filled with an
organic carrier by capillary action. After 8 h, the support was taken out of the carrier solution.
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The surface of the support was allowed to drip for few seconds before being placed in the SLM
cell.

In SLM studies, the carrier molecule is impregnated by temporary forces. This is confirmed
by the SEM analysis. The pores of the membrane were occupied by the TBP molecule through
capillary forces.

Experimental setup

Experiments were carried out using an apparatus made of glass, which is presented in Figure 1.
The cell has two cylindrical tanks of equal volume (250 mL) consisting of feed and strip phase.
SLM was placed between the cylinders that were clamped by Teflon holders using screws. Each
tank was placed on a magnetic stirrer (Model 841 deep vision Limited, India), and magnetic
pellets having a radius of 6 mm were used for agitation. The rpm controller on both feed sides of
the cell was used to stir the solutions.

Figure 1. Schematic representation of the SLM cell used for the removal of Hg(Il). (1- feed
phase, 2- strip phase, 3- teflon holder, 4- SLM, 5- magnetic stirrer, 6- rpm regulator).

Experiments

SLM transport experiments were conducted in the SLM apparatus as described above. Feed
(150 mL) and strip (150 mL) solutions were taken on either side of the SLM cell. Experiments
were performed at room temperature (27 + 2 °C) with stirring at 300 rpm. At regular intervals,
equal volumes of the sample were collected from both sides of the cell. The samples were
analyzed for the concentration of mercury. All the transport experiments were carried out in
triplicates, and the error was within 3%.

Mercury(Il) removal performances of liquid membrane

The concentration of mercury(Il) in aqueous samples was analyzed using a visible
spectrophotometer (Model: visiscan 167, Systronics India) and verified by cold vapor atomic
fluorescence spectrophotometer (CVAFS) (Model: 10.025, Millenium Merlin, PS analytical

London). The concentration of mercury(II) from 1-20 mgL" was analyzed by spectrometric
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method to avoid maximum dilution. In this method, Hg(II) reacts with Rhodamine B and iodide
to form highly stable tetraiodomercurate(Il). The violet colour solution of tetraiodomercurate(1I)
was measured at 590 nm [27]. Trace level concentration (0.1-1000 pgL™) of mercury(Il) was
measured using CVAFS with a millennium merlin detector and argon as carrier gas. The pH of
the aqueous solutions was measured using the Elico pH meter (Model: Li 120). SEM images of
the membrane were obtained using Carl Zeiss MA15/EVO18 SEM.

Calculations

The removal efficiency of mercury(Il) was calculated using Eq. 1. Here, C, is the concentration
of mercury(Il) initially present in the feed phase, C, is the concentration of mercury(Il) present
in the feed phase at time t.

-Ct

Removal efficiency (%) = C[’C— x 100 (1
0

RESULTS AND DISCUSSION
Signal to noise ratio (S/N ratio)

The concentration of feed phase, strip phase and carrier were fixed based on trial-and-error
experiments conducted earlier. The concentration of mercury(Il) was chosen based on the
literature. Studies have reported maximum concentration of mercury(Il) in sea water and fresh
waters to be around 1 mgL™ [28]. In the case of industrial wastewaters, the typical concentration
of mercury(I) was found to be 10 mgL'1 [29]. In our study we have fixed the concentration of
mercury(Il) in the range from 1 to 20 mgL™" as we aimed to treat waters around 10 mgL™".

Performance of SLM is represented by the desirable (signal) and undesirable (noise) values
from the output characteristics of statistical analysis. Taguchi method uses the S/N ratio to
convert values from the experimental results for determining the optimum combination of
controllable factors. S/N ratio signifies the ratio of mean to standard deviation. "Larger the
better" performance characteristics of the S/N ratio were used for obtaining the maximum
removal efficiency determined by using Eq. 2. Here, n denotes the number of repetitions in a
trial and y; is the removal efficiency at each experiment [30]. Table 2 shows the removal
efficiency of each trial, the mean values, and the S/N ratio designed using the Taguchi method.
These results were further analyzed to determine the optimum conditions.

S . 1
£ ratio = —logus (517 o

Table 2. Experimental results and statistics.

Run Removal efficiency (%) S/N ratio
Trial 1 Trial 2 Trial 3 Mean
1 79.11 77.54 78.37 78.34 37.88
2 81.99 82.49 83.78 82.75 38.36
3 61.82 64.62 66.16 64.20 36.15
4 74.18 71.15 73.34 72.89 37.25
5 63.18 64.34 64.15 63.89 36.11
6 72.16 70.96 72.73 71.95 37.14
7 77.98 76.28 75.42 76.56 37.68
8 61.45 61.94 62.15 61.85 35.83
9 85.87 84.67 84.39 84.98 38.58
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Response values for means of the experiments with maximum removal efficiency are
presented in Table 3. The table also shows the characteristic rank associated with each factor. It
was observed that carrier concentration is the most influencing factor in the removal studies of
mercury ions. The influence of carrier concentration is also confirmed by the main effect plot
shown in Figure 2 (b).

Table 3. Response values for S/N ratio and mean removal efficiency.

Level Feed phase acid Strip phase Carrier concentration Feed phase
concentration concentration mercury(1l)
concentration
S/N Mean S/N Mean S/N Mean S/N Mean
ratio removal ratio removal ratio removal ratio removal
efficiency efficiency efficiency efficiency
1 37.46 75.11 37.60 75.93 36.95 70.73 37.52 75.72
2 36.83 69.58 36.77 69.52 38.06 80.20 37.73 77.10
3 37.36 74.46 37.29 73.69 36.65 68.22 36.41 66.33
Delta 0.63 5.53 0.84 6.41 1.42 11.98 1.31 10.77
Rank 4 3 1 2

As indicated in Table 3 and seen in Figure 2, the response of S/N ratio and means suggested
that carrier concentration was the major influencing factor, among all. Hence, the effect of
carrier concentration plays a vital role in the removal efficiency of mercury ions using SLM. A
similar trend was observed in the removal efficiency of phenol through SLM [6]. The influence
of carrier concentration on removal efficiency may be attributed to the formation of the
extractable mercury-TBP complex. In this study, the maximum level of TBP (90%) has been
utilized, and a further increase in the concentration of TBP was not feasible as it resulted in the
formation of non-homogenous membranes. This observation may be due to the highly viscous
nature of the carrier, which obstructs the transport efficiency of a metal ion complex across
SLM [31, 32].

Feed phase mercury(Il) concentration was the second influencing factor, as evident from
Figure 2. Initially, removal efficiency increases with lower mercury concentration, which may
be due to the availability of Hg(I), thereby facilitating the formation of the complex.

Strip phase concentration and feed phase acid concentration were the less influencing factors
on the removal efficiency of mercury ions. NaOH, at higher concentrations, did not lead to an
increase in the removal of Hg(Il). This observation may be due to the formation of mercuric
oxide (HgO), which precipitated and clogged the pores of the membrane [33]. Figure 2 reveals
that increasing the concentration of acid in the feed phase did not influence the removal
efficiency. The decrease observed with increasing acid concentration may be attributed to the
reduction in the formation of mercury-chloro complexes [34]. The optimum values for the
process factors obtained from the ANOVA analysis are 0.3 M of feed phase concentration, 0.2
M of strip phase concentration, 90% of carrier concentration and 10 mgL™" of feed phase
mercury concentration.

Table 3 presents the S/N ratio values and their ranks for each experimental run. From the
table, it's clear that carrier concentration has the maximum influence on the S/N ratio, also
represented in the main effect plot (Figure 2 (a)).
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Figure 2. Main effect plot of each factor on (a) S/N ratio (b) removal efficiency.
ANOVA results

ANOVA is considered a superior tool to determine the optimum combination of various process
factors based on their performance [35]. In this study, ANOVA was used to find the significance
of process factors on the removal efficiency of mercury(Il) across SLM. The optimum condition
of the SLM system was determined from the experiments. Experiment with maximum removal
efficiency and a very large response of S/N ratio was chosen.

The portion of the total variation observed in an experiment and its attribution to each
process factor is revealed by the "percentage of contribution". It shows the relative impact of a
factor to reduce the variation. The percentage contribution (p) of every factor is calculated from
its sum of squares (SSp) divided by the total sum of squares (SSr) of all factors as shown in Eq.
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3 [36]. As seen earlier, carrier concentration showed a maximum SS, value of 245, followed by
feed phase mercury concentration.

p(%) =22 3)
T

The percentage contribution of the process factors in the removal efficiency of mercury from
aqueous solutions is presented in Figure 3. It can be observed that the maximum contribution of
42% was by carrier concentration and 36% by feed phase mercury concentration. Strip phase
concentration, feed phase acid concentration, and error percentages were 11, 9 and 2%,
respectively. Thus, the concentration of carrier in the membrane phase has a significant
contribution to the removal of mercury across SLM.

2%

¥ Feed phase acid
concentration

B Strip phase concentration

Carrier concentration

¥ Feed phase mercury
concentration

B Error

Figure 3. Percentage contribution of process factors.
Confirmation analysis

Predicted removal efficiency for optimum conditions was calculated using Eq. 4. Here, T,,, is the
mean S/N ratio, T, is the mean S/N ratio at the optimum level, and n is the number of main
design parameters that influence the removal efficiency of Hg(Il) across SLM. The predicted
removal efficiency of mercury(Il) through SLM was calculated to be 92.22%. An experiment
was carried out at optimum conditions for 3 h to confirm the predicted results. Mercury(Il)
removal efficiency of 91.74% was obtained from the experiment with the optimum conditions of
the parameters.

TPredicted = Tm + Z?:l(To - Tm) (4)
Surface analysis of SLM

Morphology of the fresh, carrier impregnated, and the used membrane was studied using SEM
analysis. Figure 4(a) displays the microporous nature of the PTFE membrane. The pores of the
membrane were seen filled with the carrier, confirming the impregnation process (Figure 4(b)).
Figure 4(c) shows the surface changes in the membrane, which was used for 8 cycles of
transport experiments. The surface of the membrane was observed to have completely altered
due to the formation of the mercury-TBP complex.
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Figure 4. SEM images of the surface of PTFE support (a) fresh, (b) after immersion into carrier

and (c) used SLM after 8" run.

Transportation mechanism

Transport of metal ions through SLM is mainly of two types, namely, counter transport and co-
transport mechanisms. Transport that is carried out in opposite direction with the presence of
metal ions in the feed phase and the counter ions in strip phase is known as counter transport.
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On the other hand, metal ions transported with the concentration gradient of the co-ions present
in the feed and strip phase is called a co-transport mechanism [37]. In this experimental study,
the mercury(Il) transport was driven by the concentration gradient between the feed and strip
phases. Mercury(Il) was transported against its concentration gradient as the driving force.
Transportation of mercury(Il) across SLM takes place through the following steps:

(1) The feed phase contains mercury(Il) and the addition of HCl makes room for the free
availability of chloride and hydrogen ions. The chloride ions form chloro compounds with
mercury(Il) (Eq. 5).

Hg?* + 4Cl~ & HgCl2 (5)

(2) TBP in the membrane phase combines with the protons in the feed phase and forms a
cationic complex, as given in Eq. 6.

(RO);PO + H* & ((RO);PO)H* (6)

(3) Proton acquired TBP forms a complex when it reacts with the mercury chloride anion, which
is present in the feed phase (Eq. 7) [25, 26]

2((RO);PO)H* + HgCl2~ & HgCI2~. 2((RO);PO)H* @)

(4) Mercury-TBP complex reacts with NaOH available in the strip phase and forms mercuric(II)
chloride with the separation of TBP as shown in Eq. 8.

HgCl2~. 2((RO);PO)H* + NaOH « HgCl3~ + 2(R0O)3PO + H,0 + NaCl )
TBP thus obtained diffuses back to the membrane phase, and the transport mechanism that is

mentioned above continues as a cycle. The whole process with the steps involved is depicted
schematically in Figure 5.

Feed Phase Membrane phase Strip Phase

@ 2((RO);POYH* . HgCli~

o ((RO);POYH*

Figure 5. Schematic diagram of the Co-transport mechanism of mercury(II) ions through SLM.
Concentration profile

Transport studies were carried out with optimized parameters to study the concentration profile
for the removal of mercury(Il). The experiment was carried out for 3 h to attain maximum
removal of mercury(Il). The concentration profile of mercury(Il) in all three phases, namely
feed phase, strip phase, and membrane phase was determined, and the results are shown in
Figure 6. In this experiment, 10 mgL" of mercury(Il) taken in the feed side was reduced
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gradually due to its transport from feed to strip side. On the other hand, mercury(Il)
concentration increased after stripping as mercury(Il) chloride. In the meantime, SLM
accumulated some mercury(Il), and its concentration slightly reduced as time progressed.

The experimental data fitted well with the first-order rate kinetics as indicated in Figure 7,
where the rate of transport of 60% mercury(Il) was attained gradually in 7200 s with maximum
efficiency around 3600 s. Mass transfer rate through SLM was calculated using Danesi equation
(Eq. 9), in which A is the effective membrane area (m), k is the mass transfer coefficient, V is
the volume of feed solution (m?), t is the specified separation time, C; is the initial mercury(II)
concentration (ugL™"), and C, is mercury(Il) concentration (ugL™) in the feed phase at time t.
The mass transfer coefficient for the removal of mercury(Il) was calculated to be 5.26x 10 m/s
at optimum conditions.

lng—z S (KVA) t )

12

—+—TFeed phase (Cf)
10 1 —=—Strip phase (Cs)

—a+— Membrane phase (Cm)

Concentration of mercury (mgL!)
(=)}

4
2
0 & B S——
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (h)

Figure 6. Concentration profile of mercury(Il) removal efficiency through SLM.
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Figure 7. Kinetic plot for transport of mercury(II) across SLM.
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CONCLUSION

TBP based SLM system for the removal of mercury was successfully demonstrated by applying
Taguchi method to examine the effects of parameters on percentage removal of mercury(Il) in
trace level of concentration (10 mgL™"). The maximum removal efficiency of 91.7% for mercury
was attained using this system at optimum conditions. Taguchi method gave a clear indication
of the influence of various factors in the removal of mercury ions using SLM. Among the
factors studied, namely, feed phase acid concentration, strip phase alkali concentration, carrier
concentration and initial feed phase mercury concentration, the latter two factors were found to
have profound effects on the removal process. Thus, the present study elucidated the use of a
TBP based SLM system for the potential treatment of aqueous solutions contaminated with trace
concentrations of mercury.
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