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ARTICLE INFO ABSTRACT

Keywords: Ceramic gasifier wastewater (CGWW) contains organic toxic substances such as phenolic compounds and direct
Adsorption disposal of CGWW into the ground and surface water causes severe environmental impacts. Therefore, phenol
Phenol removal from CGWW is utmost important to safeguard the natural water resources. Adsorption technique using
Wastewater

activated carbon is employed to lessen the impacts of phenol. However, the pollution load on CGWW is very
high and necessitates pretreatment using coagulation-flocculation process. Further, the sanctity of each param-
eter on phenol removal has to study by varying all-dominating parameters simultaneously and determined its
significance. Therefore, Taguchi’s L9 orthogonal array (OA) design is used in this study to optimize the carbon
adsorption process on CGWW. The most governing parameters are time (30—60 min), temperature (30—60 °C)
and liquid to solid, L/S (5—15) ratio and it is prioritized in the following order L/S>Temperature>Time. The opti-
mized experimental conditions, i.e., time 30 min., temperature 45 °C at L/S 5 was predicted and that demonstrated
96% phenol removal from CGWW. The predicted results of Taguchi’s OA is compared with an experimental anal-
ysis showed a good agreement (R2 > 0.97) with each other and vital significance. Accordingly, it is concluded
that the Taguchi method is a promising, efficient, and cost-effective technique for the industry to minimize the
experiments and maximize the phenol removing efficiency.

Orthogonal array
Taguchi analysis

1. Introduction

Coal gasifiers are predominantly used in developing countries to pro-
duce conventional fuel gases (Kamble et al., 2019). However, a huge
amount of hazardous and toxic organics such as phenols and poly-
cyclic aromatic hydrocarbons (PAHSs) are released during the gasifica-
tion process, causing adverse environmental impacts (Ji et al., 2015,
Sagbas et al., 2014). To mitigate this issue, generally, scrubbers are em-
ployed in the ceramic industry to remove organic pollutants from the
coal gas and convert gaseous organics into liquid waste (Zhao et al.,
2017, Ramakrishnan and Surampalli, 2012). The liquid waste has a
high phenol concentration (4 x 103-8 x 10% mg/L) and is known as
coal gasifier wastewater (CGWW). Discharging this wastewater into
the ground causes severe geo-environmental hazards due to the pres-
ence of 60 x 103-90 x 10% mg/L of chemical oxygen demand (COD),
20 x 103-1 x 10° mg/L of total dissolved solids (TDS) (Adav and
Lee, 2008, Wang et al., 2018, Jeong and Chung, 2006). However, the
regulation made by the Ministry of Environment, Forests and Climate
Change (MOEFCC) of India, stated that the maximum permissible limit
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of phenol in the industrial discharge should be at 1 mg/L, corresponding
to the EPA standard. Therefore, the treatment of CGWW is of higher pri-
ority for industrial associates due to the strict government norms. Sev-
eral physicochemical and biological treatment technologies such as acid-
ification, coagulation, activated carbon adsorption, anaerobic hybrid re-
actor (AHR), anaerobic filters (AF), upflow anaerobic sludge blanket di-
gestion (UASB), aerobic treatment such as cyclic activated sludge (CAS),
membrane bioreactor (MBR), moving bed biofilm reactor (MBBR) and
fluidized-bed bioreactor is employed to treat the CGWW (Ji et al., 2015,
Adav and Lee, 2008, Fang et al., 2013, Gai et al., 2008, Hu et al., 2016,
Maiti et al., 2019, Borghei and Hosseini, 2004). Amongst all, the phys-
iochemical treatment is demonstrated to be rapid and easy compared
to biological methods, but phenol removal efficiency is higher in bi-
ological methods (Hao et al., 2018, Hernandez and Edyvean, 2008).
However, both treatment methods are susceptible to the characteristics
of wastewater, and hence it is not adequate for industrial applications.
However, industries require a quick, robust, and easy method for CGWW
treatment; hence Taguchi analysis is used to design an experiment to
achieve the targeted outcomes with minimum efforts (Pathak et al.,
2014, Pathak et al., 2016, Phadke, 2008).
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Fig. 1. Schematic diagram of coal gasification system.

Keeping in view, physiochemical treatment, i.e., carbon adsorp-
tion method, is designed to remove phenol from CGWW. Preceding
this, coagulation-flocculation is performed to pre-treat the CGWW. Fur-
thermore, it is reported that several parameters, viz., pH, interaction
time, temperature, liquid to solid ratio (L/S), were identified, which
has a significant influence on phenol removal (Zhao and Liu, 2016,
Ramakrishnan and Gupta, 2006, Ramakrishnan and Surampalli, 2013).
Identifying the influence of each parameter on phenol removal is a
mandatory but very laborious task and necessitates performing sensitiv-
ity analysis (Phadke, 2008, Taguchi et al., 2005). Therefore, L9 orthog-
onal array (OA) of the Taguchi method was performed to understand
the sanctity of each parameter on phenol removal. Further, experimen-
tal conditions were optimized to determine the robust and accessible
approach for maximum phenol removal.

2. Description of study area

The Morbi city, Saurashtra region of Gujarat, India (22.8252° N,
70.8491° E) is selected as a study area where ~700 ceramic manufactur-
ing industries of Morbi city, Gujarat, India contributes more than 90%
of the total ceramic product of India. However, ceramic industries are
causing severe air and water pollution in the environment. This study
deliberates treating the wastewater obtained from ceramic coal gasi-
fiers. Two condensers have been introduced in the outlet of the ceramic
industry with an electrostatic precipitator scrubbing process to convert
gaseous waste into liquid waste. During the scrubbing process, first, the
gas passes through the primary condenser, where the temperature is set
to condense moisture from the gas. The outlet of the primary condenser
is wastewater.

Further, producer gas is sent to an electrostatic precipitator where tar
is being captured, and then gas passes through the secondary condenser
to remove the remaining moisture contents. After removing moisture
and tar, producer gas is sent to the kiln for combustion. The wastew-
ater generated from the primary condenser, electrostatic precipitator,
and secondary condenser is collected in the effluent collection tank, as
depicted in Fig. 1 (Cui et al., 2020, Lunagariya et al., 2019).

The physical and chemical characterizations of ceramic gasifier
wastewater (CGWW) are carried out, and obtained results are presented
in Table 1. Prior to chemical adsorption with activated carbon, prelim-
inary treatment was done on CGWW using various coagulating agents
such as Alum, FeCl;, FeSO,, AICl; and non-ionic polyelectrolyte. The
prime objective of the coagulation process is to reduce the total solids

Table 1
Characteristics of waste water

Characteristics Concentration (mg/L)
TDS 100000

TSS 1500

BOD 3000

COD 90400

Phenols 6122

from the wastewater. All the chemicals used in the coagulation pro-
cess are purchased from merck analytical grade, and commercial-grade
quality activated carbon was used in the study, is from chemdyes cor-
poration, India.

3. Experimental
3.1. Characteristics of wastewater

Physical and chemical characteristics have been studied by following
the standard method of USEPA 1684 (2001) (USEPA 1684, 2001), where
the standard gravimetric method is employed to obtain total solids and
total dissolved solids in CGWW (APHA, 5530), and results are presented
in Table 1. On the other hand, phenol concentration is determined by
using a UV-Visible spectrophotometer (Model TS2080Plus, Analytical
Technologies Limited). The obtained results are presented in Table 1.
Based on the primary characterization of wastewater, it is estimated
that CGWW is very complex in nature.

3.2. Pre-treatment of CGWW

The jar test is used to pretreat the CGWW using different types of
coagulating agents. In this test, four beakers of 1000 ml capacity were
used, and each beaker is filled with 500 ml of CGWW. The desired pH
values were achieved by adding NaOH and sulphuric acid as per the re-
quirement after introducing coagulants. The coagulation process in the
CGWW is done at 120 rpm for 1 minute, and then flocculation is started
at 20 rpm for 20 minutes so that formed flocs should not break during
mixing. Further, CGWW was kept for 2 hours to settle particles in it. Be-
fore and after the settlement of particles, turbidity and total dissolved
solids (TDS) are determined using turbidity meter and TDS meter. It is
found that AlCl; was found suitable to minimize the turbidity and total
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Table 2
Value of Turbidity (in NTU) after pre-treatment at vari-
ous pH and coagulating dose (in mg/L)

pHDose 5 5.5 6 6.5 7 7.5 8

1 46 37 34 38 81 51 64
1.5 48 37 72 36 82 49 68
2 10 22 58 44 74 45 31
2.5 12 69 61 56 61 62 59
Table 3

Pre-treatment analysis for removal of total solid (%)
at various pH and coagulating dose (in gm/L)

pHDose 5 5.5 6 6.5 7 7.5 8
1 1 35 25 1 17 6 2
1.5 2 61 1 6 13 7 7
2 4 46 61 7 19 8 6
2.5 0 46 2 0 10 19 9

Table 4
Sensitivity analysis experiment design for L9 orthogonal array

Exp. Input Parameters
No. Time (min) Temperature ('C) L/S

Output Parameter
Phenol Removal (%)

1 30 30 5 91.85
2 30 45 10 87.56
3 30 60 15 88.32
4 45 30 10 70.41
5 45 45 15 92.07
6 45 60 5 91.64
7 60 30 15 89.39
8 60 45 5 90.25
9 60 60 10 87.89

solids amongst all the coagulants. On the other hand, polyelectrolyte and
alum also gave satisfactory results to settle the particles, but wastewater
became viscous, and settling time was more as compared to AlCl;. Thus,
it cannot be used for the further treatment process.

Therefore, based on the observation, AICl; is considered for further
study to determine the optimum dose to remove total solids. The pH
and AICl; dose varied from 5-8 and 1-2.5 gm/L using Jar test and
obtained results were presented in Tables 2 and 3; where initial turbidity
of wastewater was 381 NTU (nephelometric turbidity unit).

3.3. Sensitivity analysis on carbon adsorption method for phenol removal

Sensitivity analysis using the Taguchi method was performed to de-
sign the experiment for phenol removal. Based on literature data, it
was found that three parameters, i.e., time, temperature, and L/S, sig-
nificantly influence phenol removal. Therefore, Taguchi’s L9 orthogo-
nal array (OA) is used to design experiments where nine experiments
are conducted with three different parametric conditions, as shown in
Table 4. Though, it should be noted that for examining the influence
of these three parameters on the phenol removal, 3% (=27) experiments
combination are needed, which is an arduous task. Hence, establishing
the sensitivity of phenol removal is required on the characteristics of
various parameters, as discussed above.

Taguchi’s larger the better option is selected (refer Eq. 1) to analyze
experimental conditions for phenol removal (Taguchi et al., 2005). The
analysis of mean (ANOM) and analysis of variance (ANOVA) are deter-
mined by employing Minitab®18 software (Minitab 18.2.4 Inc., Penn-
sylvania) (Minitab 18.2.4, 2018 ), the input parameters of experiments
are given in Table 4, where each input parameter has three levels, and
each level comes three times in the OA. ANOM and ANOVA are used to
prioritize the parameters and predict the best experimental conditions
for maximum phenol removal (Pathak et al., 2014, Pathak et al., 2016).
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Larger the better characteristics : % =-10-logy, - i . [2 y_lz] (€))]
where, S and N refer to the signal (mean) and noise (standard deviation)
of the input parameters, respectively, y is the data obtained from the ex-
periments (i.e., the observed output) and ny is the number of replicates
(or observations). The S/N describes the extent of variability in the dif-
ferent parameters on phenol removal. Further, an additive model given
by Taguchi et al. (2005) is used to forecast input parameters’ influence
on the target (phenol removal) referred as to y (Taguchi et al., 2005,
Pathak et al., 2021). The additive model is shown in Eq. 2 and 3.

n (A, By, Cy, Dy, Fy)=p+a;+bj+ep+di+en+.....+ € (2)

n=—10~10g<iz> 3)
y

where, 7 is the objective function, p is the overall mean of the signal to
noise ratio (S/N) for the experimental region, a;, bj, ¢y, dj and e, refer to
the deviation from u caused by the factors A, B, C, D and E respectively,
subscripts i, j, k, ] and m are the different levels and ¢ is experimental
error.

Furthermore, activated carbon adsorption studies were conducted
as per the orthogonal array-design of the experiment (OA-DOE) shown
in Table 4. The 100 mL scale of a round-flat bottom 3-neck flask of
250 mL in capacity was used in the adsorption study. The pH elec-
trode and sampling point were static with the flask and kept on a hot-
plate cum magnetic stirrer for heating (conditions designed) and stirring
(250 rpm) (30). After the completion of the carbon adsorption ex-
periment, the solution was filtered, and the filtrate was studied using
UV-visible spectrophotometer for determining the phenol removal effi-
ciency, as follows:

C
%Phenol Removal = <C—L> x 100 )
S
where Cg and C;, are the phenol contents in the mass of carbon sample
and output volume of filtrate, respectively.

4. Results and discussions
4.1. Effect of coagulant dose

Turbidity is effectively measured by adding coagulating agents into
wastewater. It is observed from Table 2 that with increasing coagulat-
ing dose, turbidity was decreasing up to 2 gm/L of dose, and after then
turbidity was increasing. It also indicates that turbidity removal is maxi-
mum in acidic conditions due to the dissolution of a colloidal particle at
lower pH. The highest turbidity removal i.e., 10 NTU, was achieved at
pH five by using a 2 gm/L dose of AlCl;. On the other hand, total solid
removal was also considered as a measuring parameter for the effec-
tiveness of the coagulation and flocculation process. It was determined
that the maximum solids removal was achieved in an acidic medium.
The 61% removal of solids was achieved in two different cases: (1) pH
6 and 2 gm/L dose of coagulating agent, (2) pH 5.5 and 1.5 gm/L dose
of coagulating agent (refer to Table 3). Considering both turbidity and
total solid removal, 2 gm/L optimum coagulant dose was maintained at
pH 6 for this study.

Further initial pre-treatment and different treatment techniques
were given to wastewater. Subsequently, phenol concentration was de-
termined on the pre-treated wastewater using UV-Visible Spectropho-
tometer. It is noticed that only 3.21% phenol was removed by using
Eq. 4 through the pre-treatment process, which indicated that the re-
moval of solids from wastewater shows an insignificant effect on phenol
removal.
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Fig. 2. Sensitivity analysis of phenol removal using L9
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Table 5 Conclusions
Response Table for Signal to Noise Ratios
Response (Average) value The maximum amount of phenol is removed from CGWW using the
Parameter 1 2 3 Rank carbon adsorption method. Preceding this coagulation-flocculation pro-
Time (min) 2901 3849  39.20 3 ces§ is optimized with 2 g/l.. dose of AlCl; agent aF pH 5 to remove total
Temperature (C)  38.41  39.08  39.01 5 solids from CGWW. Accordingly, 61% of total solids and 3.21% of phe-
L/S 39.20 3823  39.08 1 nol were removed in this process. Further, the L9 OA of the Taguchi
method is used to design the adsorption method by varying time, tem-

4.2. Taguchi method

Taguchi method is used to optimize the parameters viz., time, tem-
perature, and L/S, which directly depend on phenol removal. The larger
the better option of Taguchi method is selected as shown in Eq. 1 to com-
pute S/N ratio and output parameter i.e., the measured phenol removal
of each experiment of Taguchi’s L9 OA is shown in Table 4. The prime
objective of this study is to remove maximum phenol from CGWW;
hence larger the better option was selected. Further, additive model

(refer Egs. 2 and 3) are employed to determine the influence of indi-
vidual input parameters on removing phenol concentration. This anal-
ysis is termed as determination of the factor effect, and the results are
presented in Table 5 and Fig. 2. The dotted line is shown in the figure
represents the overall mean (u) of the measured parameters. Further,
S/N of phenol concentration is plotted on the Y-axis while the input pa-
rameters and their levels are plotted on the X-axis. It can be observed
from the trends depicted in Table 5 that L/S ratio is the most influential
parameter amongst all considered in this study, and the prioritization
sequence is shown as L/S > T > Time. Further, the best experimental
condition is predicted by Taguchi analysis to determine the maximum
phenol recovery. Based on the prediction, the experiment is performed
at L/S 5 in 30 minutes and 45 °C temperature yields 96% phenol re-
moval. The experimental results and predicted results were compared
and showed good agreement with each other i.e. R? 0.97. The L/S ratio
was found to be prominent amongst the other parameters due to the
complexity of the phenolic compounds, and temperature is the second
dominating parameter. It has been demonstrated that as temperature
increases, the average kinetic energy of the molecules will effectively
collide and settle. The optimized temperature was found 45 °C after the
rate of reaction decreases with increasing temperature. Further, interac-
tion time at 30 minutes plays a vital role in phenol removal. The reaction
rate fastens at 30 minutes, and later phenol removal rate decreases.

perature and L/S with the minimum number of experimentation. Based
on Taguchi’s prediction, it has been found that 96% (R 0.97) of phe-
nol can be removed at L/S 5 when interaction time is 30 minutes and
temperature 45°C. This study provides optimized parameters for the ef-
ficient removal of phenol and can be effectively used in the ceramic

industry.
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